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Abstract
The weight of concrete is considered the heaviest component of load applied onto
structures. In concrete structures, the greatest amount of energy usage is consumed due
to cooling and heating systems. To reduce the self-weight and thermal conductivity of
concrete, lightweight aggregates such as expanded perlite and expanded vermiculite
have been used as a replacement to normal weight aggregates in concrete. The addition
of expanded perlite or expanded vermiculite has resulted in lightweight concrete with a
low compressive strength (less than 20 MPa) at 28 days. To overcome this issue, a total
of eighteen trial mixes of concrete were conducted in this study as a first preliminary
investigation by replacing normal weight aggregates in concrete with expanded perlite
or expanded vermiculite at different percentages. The results showed that two optimum
mixes were obtained, one mix containing expanded perlite (perlite concrete) and the
other mix containing expanded vermiculite (vermiculite concrete). The compressive
strengths of perlite concrete and vermiculite concrete were 36 MPa and 32 MPa,
respectively at 28 days. The corresponding bulk density and thermal conductivity of the
perlite concrete and vermiculite concrete were less than the normal weight concrete
(reference concrete).
Corrosion of steel bars is one of the most serious problems which affects reinforced
concrete (RC) structures, especially of those built in coastal areas close to ocean. To
eliminate the problem of corrosion, a large number of research studies have
recommended using different types of fibre reinforced polymer (FRP) composites as
longitudinal reinforcement instead of steel bars. Specifically, the effect of moulded and
pultruded glass-fibre reinforced polymer (GFRP) gratings on flexural behaviour of
concrete members was investigated by a limited number of researchers. Hence, a second
preliminary investigation was conducted in this study to determine the tensile properties
of moulded GFRP gratings, pultruded GFRP gratings, carbon fibre-reinforced polymer
(CFRP) sheets and steel bars after the exposure to the alkaline solution to measure the
corrosion resistance. The results showed that the degradation in the tensile strengths of
the moulded GFRP gratings, pultruded GFRP gratings and CFRP sheets after the
exposure to alkaline solution were less than the steel bars.
The FRP stirrups with circular cross-section have an issue that the tensile strength of
bent portion is significantly less than their straight portion. Therefore, very few research
v

studies recommended using FRP stirrups with a rectangular cross section. In this study,
an innovative stirrups termed sand coated carbon fibre reinforced polymer (SCCFRP)
with rectangular cross-section was fabricated in the second preliminary investigation
and used as shear reinforcement. The two optimum mixes of concrete obtained from the
first preliminary investigation and the reinforcements from the second preliminary
investigation were then combined to construct reinforced concrete (RC) flexural
members.
The main aim of this study is to investigate experimentally and analytically the flexural
behaviour of RC beams and RC one-way slabs under four-point bending. The variables
included in this study were the type of concrete (reference concrete, perlite concrete and
vermiculite concrete), the type of longitudinal reinforcement in tension (steel bars,
moulded GFRP gratings and pultruded GFRP gratings) and longitudinal reinforcement
ratios (ranging from 0.007 to 0.130). The effect of these variables on the load-midspan
deflection curves, experimental load carrying capacity, flexural stiffness, ductility and
failure modes were investigated. A total of 30 reinforced concrete flexural members
were cast including fifteen RC beams and fifteen RC one-way slabs. The results showed
that the flexural behaviour of reinforced perlite concrete and reinforced vermiculite
concrete agreed well with the flexural behaviour of the reinforced reference concrete.
The beams reinforced with pultruded GFRP gratings produced experimental load
carrying capacities higher than the beams reinforced with steel bars. The one-way slabs
reinforced with pultruded GFRP gratings produced experimental load carrying
capacities and ductility higher than the one-way slabs reinforced with steel bars. The
failure occurred within pure bending region without observing shear cracks. This proved
the effectiveness of SCCFRP stirrups against shear failure.
Analytical models (moment-area integration and ACI models) were used to predict loadmidspan deflection curves. The predicted midspan deflection obtained by moment-area
integration was closer to the experimental results than the results predicted by the ACI
models. The conclusion was that the perlite concrete and vermiculite concrete reinforced
with pultruded GFRP gratings can be considered a successful alternative to the reference
concrete reinforced with steel bars.
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Introduction

1.1 Preamble
The weight of concrete is the heaviest component of load applied on structures and
hence, it is considered the most important part during construction. In addition, the
greatest amount of energy usage is consumed by the heating and cooling systems used
in concrete structures (Oktay et al. 2015). Expanded perlite and expanded vermiculite
have been used in concrete mixes as a replacement to normal weight aggregates to
produce light weight concrete with a high thermal insulation (Oktay et al. 2015).
However, the problem with this type of concrete (concrete containing expanded perlite
or expanded vermiculite) is that a compressive strength of less than 20 MPa at 28-day
has been achieved which is not suitable for use in concrete structures (Schackow et al.
2014). Expanded perlite is an off white, spherical shaped aggregate, with very low bulk
density (85 kg/m3), and very low thermal conductivity (0.0361 W/m.K) (Ausperl 2015).
Expanded vermiculite is brown in colour, has also very low bulk density (115 kg/m3),
and low thermal conductivity (0.062 W/m.K) (Schackow et al. 2014). The low
compressive strength was due to the high amount of expanded perlite and expanded
vermiculite being added to concrete (up to 65% volume of concrete) without considering
the high water absorption capacity for these lightweight aggregates (up to about 200%
by weight) (Schackow et al. 2014). Additionally, the coarse aggregate was totally
removed from the concrete mixes (Schackow et al. 2014; Demirboǧa and Gül, 2003).
Steel bars embedded in concrete structures usually corrode because of the exposure to
harsh environments such as salt water, chemicals and moisture especially those built in
coastal areas close to the ocean. The corrosion of steel bars is considered to be one of
the most serious problems which affect infrastructure, and thus present an economic cost
to a country. To explain how corrosion affects the economy, Moore and Emerton (2010)
reported that the Australian Corrosion Association (CSA) spends around 1 billion
dollars each year preventing and eliminating the corrosion of steel bars embedded in
concrete. There are two types of steel corrosion, namely general corrosion and localised
corrosion. General corrosion affects all the steel bars embedded in concrete which leads
to a uniform loss of metal around the perimeter of the bars and causes concrete cracking
and cover spalling (Goldston, 2016), whereas localised corrosion occupies small areas
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around the steel bars and produces some rust staining in the concrete (Goldston, 2016).
To overcome issues related to corrosion of steel bars, extensive studies used various
types of fibre reinforced polymer (FRP) composites as longitudinal reinforcement in
concrete flexural members instead of steel bars (Schmeckpeper, 1994; Benmokrane et
al., 1995; Zhang et al., 2004; Banthia et al., 1995 and Goldston et al., 2016). Although
extensive studies have investigated the effect of different types of FRP composites on
the behaviour of concrete flexural members, very few studies have investigated the
effect of glass-fibre reinforced polymer (GFRP) gratings on the behaviour of one-way
slabs. Specifically, the effect of GFRP gratings on the flexural behaviour of concrete
beams was not investigated in the previous studies.
The FRP stirrups with circular cross-section have an issue that the tensile strength of
bent portion is significantly less than their straight portion (Lee and Lee, 2013). Both
the CSA (2012) and the ACI 440.1R (2015) reported that the bent portion of the FRP
bar stirrups with a circular cross-section can resist approximately 30-70% of their tensile
strength in the straight portion. To overcome this issue, very few studies suggested using
FRP stirrups with a rectangular cross-section because the width to depth ratio of crosssection for rectangular stirrups is much higher than circular stirrups and hence, the crosssectional area exposed to the load of rectangular stirrups is higher than circular stirrups.
This can produce a bend strength (ultimate tensile stress of bent portion) for rectangular
stirrups higher than circular stirrups (Dong et al., 2018 and Spadea et al., 2017a).
Whereas, to adequately address the bend strength issue of a circular cross-section, more
studies are needed to provide sufficient data.
To summarise, the use of expanded perlite and expanded vermiculite in concrete has
resulted in producing non-structural concrete mixes with a compressive strength of less
than 20 MPa at 28-day. On the other hand, although the effect of different types of FRP
composite on the behaviour of flexural members has been widely reported in the
literature, the effect of GFRP gratings on the flexural behaviour of concrete beams is
still not investigated. In addition, very few studies have constructed and recommended
to use FRP stirrups with rectangular cross-section. Therefore, the main objective of this
study is to construct RC flexural members that has higher flexural strength and corrosion
resistance as well as having a lower bulk density and thermal conductivity than the steel
bar reinforced reference concrete (normal weight concrete) flexural members.
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1.2 Research Methodology
This thesis has three main sections. The first main section is the literature review
(Chapter 2). The second main section includes the experimental work, results and
discussion (Chapters 3 to 6). The third main section presents the analytical study
(Chapter 7). The research methodology graph is shown in Figure 1-1. Referring to
Figure 1-1, based on research gap identified through literature review as presented in
Chapter 2, two preliminary studies are initially conducted and reported in Chapters 3
and 4. In the first preliminary study (Chapter 3), eighteen trial mixes of concrete are
conducted with the aim to construct two structural concrete mixes with a compressive
strength of more than 20 MPa at 28-day, having a bulk density and thermal conductivity
less than the reference concrete. These two mixes include one mix containing expanded
perlite (perlite concrete) and the other mix containing expanded vermiculite (vermiculite
concrete). The mechanical properties of these two mixes (perlite concrete and
vermiculite concrete) are compared with the reference concrete.
The second preliminary study (Chapter 4) aims to measure the corrosion resistance of
the longitudinal and transverse reinforcement used in this study, including steel bars,
moulded glass-fibre reinforced polymer (GFRP) gratings, pultruded GFRP gratings, and
CFRP sheets by testing them under direct tensile after the immersion in the alkaline
solution for the periods of 30-day, 60-day and 180-day (Figure 1-1). Additionally, an
innovative sand coated carbon fibre reinforced polymer (SCCFRP) stirrup with
rectangular cross-section is fabricated and used as shear reinforcement (Figure 1-1).
The concretes obtained from Chapter 3 and the reinforcements tested in Chapter 4 are
then combined to construct reinforced concrete (RC) beams and RC one-way slabs to
investigate their flexural behaviour under four-point bending (Chapters 5 and 6) (Figure
1-1). Chapter 5 reports the experimental program of the RC beams and RC on-way slabs
under four-point bending, and Chapter 6 reports the results and discussion of the RC
beams and RC one-way slabs under four-point bending. In Chapter 7, an analytical study
was carried out to predict the nominal moment capacities, nominal load carrying
capacities and midspan deflections at various load levels of RC beams and RC one-way
slabs (Figure 1-1).
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1.3

Significance of Thesis

The proposed study is significant because it seeks to reduce the energy consumption and
self-weight of RC structures by using lightweight expanded perlite and expanded
vermiculite as a partial replacement to normal weight aggregates in concrete. This study
also attempts to improve the corrosion resistance of RC structures by using glass fibre
reinforced polymer (GFRP) gratings as longitudinal reinforcement in tension, and using
the innovative SCCFRP stirrups with a rectangular cross-section as transverse shear
reinforcement.

1.4 Aim and Objectives of the Thesis
The aim of this study is to determine the influences of the type of concrete (reference
concrete, perlite concrete and vermiculite concrete), the type of longitudinal
reinforcement in tension (steel bars, moulded GFRP gratings, pultruded GFRP gratings)
and longitudinal reinforcement ratios (ranging from 0.007 to 0.130) on the flexural
behaviour of the RC beams and RC one-way slabs. To achieve this aim, the following
main objectives are as follows:
1. Produce two structural mixes (perlite concrete and vermiculite concrete) with a bulk
density and thermal conductivity less than the reference concrete. The perlite
concrete and vermiculite concrete are constructed from a total of 18 concrete trial
mixes. The mechanical properties for these newly designed mixes in-terms of the
compressive, flexural, direct tensile and indirect tensile strengths of the two
structural mixes are examined and compared with the reference concrete
2. Examine the tensile properties of the reinforcements used in this study (steel bars,
moulded GFRP gratings, pultruded GFRP grating, and CFRP sheets reinforcements)
at ambient conditions and after the exposure to alkaline solution for the periods of
30 days, 60 days and 180 days, in order to determine their corrosion resistance.
Additionally, an innovative type of stirrups named sand coated carbon fibre
reinforced polymer (SCCFRP) stirrup is also fabricated and used as internal shear
reinforcement in concrete beams.
3. Investigate the flexural behaviour of RC beams and RC one-way slabs using
different types of light weight aggregates and different types of GFRP gratings under
four-point bending.
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4. Carry out an analytical study of RC beams and RC one-way slabs to predict the
nominal moment capacities, nominal load carrying capacities and midspan
deflections at various load levels.

1.5 Thesis Outline
This thesis consists of eight chapters which include:
Chapter 2 presents a literature review regarding RC flexural members to specify the
gaps from previous research studies
Chapter 3 presents a preliminary study that has two main sections. In the first section,
eighteen trial mixes are produced using either expanded perlite or expanded vermiculite
as lightweight aggregates. From these trial mixes, two mixes are produced with a
compressive strength suitable for use in concrete structures, having a bulk density and
thermal conductivity less than the reference concrete. These two concrete mixes named
perlite concrete and vermiculite concrete.

In the second section, the mechanical

properties and thermal conductivity of these newly designed perlite and vermiculite
concrete mixes are tested and compared with the reference concrete.
Chapter 4 presents a preliminary study which focuses on determining the tensile
properties of longitudinal and transverse reinforcement consisting of steel bars, moulded
GFRP gratings, pultruded GFRP gratings, and CFRP sheets under ambient conditions
and after the exposure to alkaline solution for the periods of 30-day, 60-day and 180day.
Chapter 5 presents details of the experimental program which included details of 15 RC
beams and 15 RC one-way slabs. This program includes details of cross-sections,
preparation of reinforcement cages, casting, curing, and test set-up.
Chapter 6 presents the experimental results and discussion of the flexural behaviour of
RC beams and RC one-way slabs under four-point bending. The experimental results
are reported and discussed in terms of load-midspan deflection curves, experimental
load carrying capacity, flexural stiffness, ductility and failure modes.
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Chapter 7 presents an analytical study to predict the nominal moment capacities,
nominal load carrying capacities and midspan deflections at various load levels of RC
beams and RC one-way slabs.
Chapter 8 reports the conclusions and recommendations for future research studies.

Figure 1-1 Research methodology graph
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2 Literature Review
2.1 Introduction
This chapter is divided into four main sections. The first main section was an overview
into the use of expanded perlite and expanded vermiculite as lightweight aggregates in
concrete mixes (Section 2.2). The second main section produced an overview into the
use of fibre reinforced polymer (FRP) composites in civil engineering applications
(Section 2.3). The third main section was an overview into the durability of FRP
composites (Section 2.4). The fourth main section presented an overview into the use of
analytical models to predict the midspan deflections of flexural members reinforced
with either steel bars or FRP composites (Section 2.5).

2.2 Use of Expanded Perlite and Expanded Vermiculite in Concrete
The largest amount of energy consumed in the world was due to the cooling and heating
systems used in concrete structures (Oktay et al., 2015). Therefore, lightweight concrete
was produced as an alternative to normal weight concrete to reduce the energy
consumed by concrete structures. Lightweight concrete was constructed based on three
methods. In the first method, all the fine aggregates were excluded totally from the
concrete mix to produce no fine concrete mix (Demirboğa et al., 2001). In the second
method, an additive such as air cells were injected into the cement paste to increase air
voids and producing lightweight concrete. In the third method, lightweight aggregates
such as expanded perlite and expanded vermiculite were used instead of normal weight
aggregates (Oktay et al., 2015). Using lightweight aggregates in concrete mixes instead
of normal weight aggregates emerged as the common method for producing lightweight
concrete.
Natural perlite is a siliceous volcanic glass with a concentric layered structure. By
applying a temperature of about 870o C, natural perlite expands to almost 20 times its
original volume leading to the creation of expanded perlite (Oktay et al., 2015). The
expanded perlite has a spherical shape, off-white colour, low bulk density (85 kg/m3)
and very low thermal conductivity (0.0361 W/m.K) (Ausperl, 2015). It is available in
Mexico, United State, China, Greece, Japan, Italy and Turkey, and can be used in
different applications such as aggregate in concrete for construction, medical
7

requirements, chemical industries and agriculture (Sengul et al., 2011 and Lima et al.,
2014))
Natural vermiculite is natural clay which consists of hydrated silicate, magnesium,
aluminium and iron. By applying a temperature between 650o C and 1000o C, natural
vermiculite expands by almost 30 times its original volume leading to the creation of
expanded vermiculite (Schackow et al. 2014). Expanded vermiculite has a platy
structure, brown colour, low bulk density (115 kg/m3) and low thermal conductivity
(0.062 W/m.K) (Schackow et al. 2014). Expanded vermiculite is available in Brazil,
India and South Africa. The major use for expanded vermiculite is to be mixed with
cement paste to produce foam concrete to reduce the energy consumed in concrete
structures (Schackow et al., 2014 and Lima et al., 2014).
Very few research studies investigated the influences of expanded perlite and expanded
vermiculite on the compressive strength, bulk density and thermal conductivity of
concrete. Oktay et al. (2015) investigated experimentally the effect of different rates of
expanded perlite on the mechanical properties and thermal conductivity of concrete. In
the experiments, the fine and coarse aggregates were replaced by expanded perlite in
percentages of 10%, 20%, 30%, 40% and 50%, respectively. A total of 102 specimens
with different rates of ingredients and compositions were cast and tested. A thermal
conductivity test was carried out experimentally using an ISOMET (2014) device. The
test results showed that the compressive strength of normal weight concrete was
decreased from 54 MPa to 5 MPa when the fine and coarse aggregates were replaced by
50% expanded perlite. As well as reducing the compressive strength, the bulk density
was decreased from 2375 kg/m3 to1300 kg/m3, and the thermal conductivity was
decreased from 1.9 W/mK to 0.3 W/mK.
Schackow et al. (2014) investigated the effect of expanded vermiculite on the
compressive strength, bulk density and thermal conductivity of concrete mixes. In these
concrete mixes, the volume of expanded vermiculite was either 55% or 65% of the total
volume of concrete. The materials used to produce these concrete mixes were cement,
sand, expanded vermiculite, water and additives. A thermal conductivity test was carried
out experimentally using a Heat Flow Meter (HFM) instrument. The test results showed
that a compressive strength of 15 MPa, a bulk density of 1250 kg/m3, and a
corresponding thermal conductivity of 0.50 W/mK were achieved when the volume of
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expanded vermiculite was about 55% of the total volume of concrete. In addition, a
compressive strength of 6 MPa, a bulk density of 1130 kg/m3, and a thermal conductivity
of 0.34 W/mK were achieved when the volume of expanded vermiculite was about 65%
of the total volume of concrete.
Demirboǧa and Gül (2003) investigated the influences of silica fume and fly-ash on the
compressive strength, bulk density and thermal conductivity of cement paste containing
expanded perlite. In the experiments, the cement was replaced by either silica fume or
fly ash in percentages of 10%, 20% and 30%. The materials used to produce these
concrete mixes were cement, expanded perlite, water, superplasticiser and either silica
fume or fly-ash. Six concrete mixes were produced which included three mixes
containing different rates of silica fume and the remaining three mixes containing
different rates of fly-ash. A quick thermal conductivity meter (QTM 500) was used for
the thermal conductivity test. The test results showed that the thermal conductivity and
the density of concrete decreased as the rate of replacing cement with silica fume or flyash increased. Moreover, increasing the rate of replacing cement with fly-ash reduced
the corresponding compressive strength by 27% at 28-day.
Sengul et al. (2011) investigated the influences of expanded perlite on the mechanical
properties and thermal conductivity of concrete. Each concrete mix consisted of cement,
sand, water, superplasticiser and air entraining admixture. The sand in each concrete
mix was replaced with expanded perlite at the following volume fractions: 20%, 40%,
60%, 80% and 100%. The test results showed that the compressive strength decreased
from 17.3 MPa to 0.1 MPa when the volume of expanded perlite increased from 20% to
100% of the total volume of sand in a concrete mix. Moreover, the fresh density
decreased from 1870 kg/m3 to 696 kg/m3 and the thermal conductivity decreased from
0.57 W/mK to 0.13 W/mk.
To summarise, the previous studies presented in this section proved that there was a
significant decrease in the bulk density and thermal conductivity of concrete when
expanded perlite and expanded vermiculite were used as aggregates in the concrete
mixes. However, a significant reduction was observed in concrete compressive strengths
which were not suitable for use as structural concrete elements. The significant
reduction in the compressive strength was because the previous studies constructed
concrete mixes without using coarse aggregate that is considered the major part to
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increase the compressive strength of concrete (Schackow et al. 2014; Demirboǧa and
Gül 2003; Sengul et al. 2011). Additionally, high rates of expanded perlite and expanded
vermiculite (up to 65% of total volume of concrete) were added into concrete mixes
without considering the high water absorption capacity for these lightweight aggregates
(up to about 200% by weight) (Schackow et al. 2014).

2.3 Use of FRP Composites in Civil Engineering Applications
This section is divided into three parts. The first part presented an overview into the
flexural behaviour of concrete members reinforced internally with FRP composites. The
second part presented a literature review into the flexural behaviour of members
reinforced internally with moulded GFRP gratings and pultruded GFRP gratings. The
third part produced an overview into the use of FRP sheets as internal stirrups in
concrete.
2.3.1

Flexural Behaviour of Concrete Members Reinforced Internally with FRP
Composites

Extensive research studies were carried out to investigate the flexural behaviour of
concrete beams and concrete slabs reinforced with FRP composites. Schmeckpeper and
Goodspeed (1994) conducted a study to evaluate the suitability of using FRP grids as a
longitudinal reinforcement instead of steel in concrete beams. In the experiments, the
type of reinforcement was used as a variable in this study (steel bars, glass-fibre
reinforced polymer (GFRP) grid and combination of glass-fibre reinforced polymer
(GFRP) with carbon-fibre reinforced polymer (CFRP)). All the beams were cast with a
cross-sectional dimension of 200 mm × 300 mm and an overall length of 3600 mm. The
test results showed that the beams reinforced with FRP composites (GFRP grids or
combination of GFRP with CFRP) had a much higher flexural strength than the concrete
beams reinforced with steel bars because their tensile strength was higher. There was
also a strong bond without any slippage failure between the concrete and FRP
composites. The ductility of the concrete beams reinforced with steel bars was higher
than the ductility of beams reinforced with FRP composites because the FRP composites
had a lower tensile modulus of elasticity. It was concluded that the FRP composite was
a viable replacement for steel bars in concrete.
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Benmokrane et al. (1995) examined the flexural behaviour of eighteen full scale
concrete beams reinforced with GFRP bars under four-point bending. The variables
investigated in this study were the type of longitudinal reinforcement (steel bars, IsorodGFRP bars and Kodiak-GFRP bars) and the overall depth of concrete (300 mm, 450 mm
and 550 mm). The beams were 200 mm width and 3300 mm overall length. The test
results showed that the experimental load carrying capacity of beams reinforced with
Isorod-GFRP bars was higher than the experimental load carrying capacity of beams
reinforced with either steel bars or Kodiak-GFRP bars. Moreover, the beams reinforced
with Isorod-GFRP bars displayed shear failure when the overall concrete depth was
either 300 mm or 450 mm. However, regardless of the overall concrete depth, the beams
reinforced with Kodiak-GFRP bars displayed concrete crushing failure, while the beams
reinforced with steel bars exhibited flexural ductile failure in tension. It was concluded
that the use of GFRP bars in concrete can be achievable in-case of using an appropriate
reinforcement ratio, and a suitable span length to effective depth ratio.
Smart and Jensen (1997) investigated the flexural behaviour of 26 beams reinforced
with FRP composites under four-point bending. The variables investigated in this study
were the type of reinforcements such as GFRP grids, CFRP grids and steel bars. All the
beams were constructed with a cross-sectional dimension of 152 mm × 152 mm and an
overall length of 762 mm. The test results showed that when the beams reinforced with
FRP composites (GFRP grids or CFRP grids) were designed to have a reinforcement
axial rigidity (𝐸𝐼) similar to the beams reinforced with steel bars, the corresponding
midspan deflection for an equal load was similar. The experimental load carrying
capacity of beams reinforced with FRP composites was much higher than the
experimental load carrying capacity of beams reinforced with steel bars because the
tensile strength of FRP composites was higher than the steel bars.
Zhang et al. (2004) investigated the flexural behaviour of one-way concrete slabs
reinforced with either CFRP grids or steel bars. The variables investigated were the
longitudinal reinforcement ratio and the type of longitudinal reinforcement in tension
(steel bars and CFRP grids). All the slabs were cast with a cross-sectional dimension of
250 mm × 1000 mm and an overall length of 3300 mm. The test results indicated that
after crack initiation, the slabs reinforced with CFRP grids exhibited a larger increment
in the midspan deflection than the slabs reinforced with steel bars. To achieve a close
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agreement in flexural stiffness between the slabs reinforced with steel bars and those
reinforced with CFRP grids, the axial rigidity of the longitudinal reinforcement in
tension (EI) should be similar. It was concluded that slabs reinforced with CFRP grids
should be designed as over reinforced to ensure close agreement between their flexural
behaviour and the flexural behaviour of the slabs reinforced with steel bars.
Banthia et al. (1995) investigated the flexural behaviour of slabs reinforced with either
FRP grids or steel grids. The variables investigated were the compressive strength of
concrete (41 MPa and 53 MPa) and the type of longitudinal reinforcement in tension
(either steel grids or FRP grids). Four slabs with a cross-sectional dimension of 600 mm
× 75 mm and an overall length of 600 mm were cast and tested. Three slabs were
reinforced with FRP grids and the last slab was reinforced with steel bar grids. The test
results showed that the experimental load carrying capacity of the slabs reinforced with
FRP grids was similar to or slightly higher than the experimental load carrying
capacities of slabs reinforced with steel bar grids. It was concluded that the energy
absorption capacity of the slabs reinforced with FRP grids was less than the slabs
reinforced with steel grids because the FRP grids had a lower tensile modulus of
elasticity than the steel bar grids.
Goldston et al. (2016) investigated the flexural behaviour of concrete beams reinforced
with GFRP bars under four-point bending. The variables investigated were the concrete
compressive strength (40 MPa and 80 MPa) and the longitudinal reinforcement ratio
(0.5%, 1% and 2%). The beams had a cross-sectional dimension of 100 mm × 150 mm
and an overall length of 2400 mm. The test results showed that the load-midspan
deflection of all beams was bi-linear which showed un-cracked behaviour followed by
cracked behaviour up to failure. The bending stiffness increased up to 23% when the
longitudinal reinforcement ratio increased from 1% to 2% and the concrete compressive
strength increased from 40 MPa to 80 MPa. The ultimate moment also increased
significantly as the longitudinal reinforcement ratio increased. It was concluded that the
concrete compressive strength had a slight effect on the ultimate moment of the
reinforced concrete (RC) beams.
Hadi and Yuan (2017) investigated the flexural behaviour of five beams reinforced with
pultruded GFRP I-beam cross-section under four-point bending. The variables included
in the study were the type of longitudinal tensile reinforcement (steel bars and GFRP
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bars), and the location of the pultruded GFRP I-beam in the concrete cross-section
(middle and a shift of 30 mm towards the tension region). It was found that the proposed
composite beam had a very ductile response due to the existence of the tensile steel bars
in combined with the pultruded GFRP I-beam. The load carrying capacity of the
proposed composite beam was higher than the traditional RC beam. Compared to the
beams with steel bars, the slip between the concrete and the pultruded GFRP I-beam
was higher when GFRP bars were used. The different location of the pultruded GFRP
I-beam had a slight effect on the flexural response.
Zhu et al. (2018) conducted a study to investigate the flexural behaviour of partially
fiber-reinforced high-strength concrete (FRHSC) beams reinforced with FRP bars. In
total, 12 beams were tested under four-point bending. The variables included in the
study were the effects of the thickness of FRHSC layer, steel fiber volume fraction and
FRP reinforcement ratio. The failure mode, deflection, flexural capacity, and ductility
of the RC beams were investigated. It was found that the optimum thickness of FRHSC
layer in beams reinforced with FRP bars was 0.57 times of the total depth of the beam.
Beams with a higher FRP reinforcement ratio, produced a higher flexural capacity, postcracking stiffness and ductility. The effective second moment of area of fully and
partially FRHSC beams reinforced with FRP bars was predicted using a simplified
calculation method. The predicted deflections estimated by the proposed method agreed
well with the experimental results.
2.3.2

Concrete Flexural Members Reinforced with Moulded and Pultruded GFRP
Gratings

Moulded glass-fibre reinforced polymer (GFRP) gratings and pultruded glass-fibre
reinforced polymer gratings are a composite of thermo-setting resin combined with
glass-fibres. Five thermo-setting resins are usually combined with glass-fibre to produce
moulded GFRP gratings or pultruded GFRP gratings (American grating 2015). These
five thermo-setting resin include vinyl-ester Type V, isophthalic polyester Type I,
isophthalic polyester Type F, isophthalic polyester Type XFR, general purpose Type
GP and phenolic Type P (American grating 2015). Vinyl-ester Type V has superior
resistance to corrosion and fire retardant so it can be used in harsh environments such
as chemical plants, waste water treatment and plating applications (American grating
2015). Isophthalic polyester Type I resin is an industrial grade with high corrosion
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resistance and fire retardant which is suitable for use in harsh chemicals such as splashes
or spills (American grating 2015). Isophthalic polyester Type F is food grade resin, ideal
for use in environments exposed to beverage industries, moisture or harsh cleaning
products (American grating 2015). Isophthalic polyester Type XFR is an extra fire
retardant, moderate corrosion resistance resin and suitable for use close to sparking
equipment, welding or anywhere close potential fires (American grating 2015). General
purpose Type GP has moderate corrosion resistance, fire retardant and ideal for use in
walk way applications, food processing plants or dairies (American grating 2015).
Phenolic Type P has a superior fire resistance and ideal for use in the applications that
are exposed to fire such as offshore and onshore oil refineries, tunnels and ships
(American grating 2015). Table 2-1 reports the degree of corrosion resistance and
standard colours of all five resins used to produce moulded and pultruded GFRP
gratings.
Moulded and pultruded GFRP gratings are manufactured with a percentage volume of
thermo-setting resin ranging from 55% to 70% and a percentage volume of glass-fibre
ranging from 30% to 45% (American grating 2015). Moulded GFRP gratings have a
rectangular cross-sectional shape and similar tensile properties in both directions
(longitudinal and transverse). Pultruded GFRP gratings have I-cross sectional shape or
T-cross-sectional shape, and the tensile properties in the longitudinal direction are
higher than in the transverse direction (American grating 2015). Figure 2-1 shows
moulded GFRP grating and pultruded GFRP grating.
There was no study conducted to investigate the flexural behaviour of concrete beams
reinforced with moulded and pultruded GFRP gratings. Additionally, a limited number
of research studies investigated the flexural behaviour of one-way concrete slabs
reinforced with moulded GFRP gratings or pultruded GFRP gratings. Bank el al. (1992)
investigated the flexural behaviour of full scale one-way slabs reinforced with pultruded
GFRP gratings or steel bars. The aim was to evaluate the suitability of using pultruded
GFRP gratings as longitudinal reinforcement in highway bridge decks. The variables
investigated were the type of longitudinal reinforcement (pultruded GFRP grating and
steel bars) and the type of test (static load and cyclic load). The effect of these variables
on the flexural stiffness, experimental load carrying capacity and failure modes were
investigated. Analytical estimation was also conducted to determine the nominal load

14

carrying capacity for all one-way slabs. Six one-way slabs were constructed with a
cross-sectional dimension of 220 mm × 1220 mm and an overall length of 3050 mm.
The test results showed that the slabs reinforced with pultruded GFRP gratings showed
flexural stiffness under a service load close to the flexural stiffness of the slabs
reinforced with steel bars. The experimental load carrying capacities of slabs reinforced
with pultruded GFRP gratings was much higher than the experimental load carrying
capacities of slabs reinforced with steel bars. The slabs reinforced with pultruded GFRP
gratings showed concrete crushing failure and diagonal shear cracks. It was concluded
that pultruded GFRP gratings can be used as longitudinal reinforcement in highway
bridge decks.
Table 2-1 Degree of corrosion resistance and the standards colour of the five resins
(American grating 2015)
Resin type
Vinyl-ester Type V

Corrosion resistance

Standard colour

Superior corrosion
resistance

Dark grey

Isophthalic polyester Type I Industrial grade corrosion
resistance

Green, Yellow or Light
grey

Isophthalic polyester Type F

Food grade corrosion
resistance

Light grey

Isophthalic polyester Type
XFR

Moderate corrosion
resistance

Reddish-Brown

General purpose Type GP

Moderate corrosion
resistance

Green or Light grey

non

Reddish-Brown

Phenolic Type P

Biddah (2006) investigated the applicability of using pultruded GFRP gratings as
longitudinal reinforcement in one-way concrete slabs under four-point bending. The
variables investigated were the type of reinforcement in tension (pultruded GFRP
gratings, FRP bars and steel bars) and the overall concrete depth (80 mm, 100 mm, 120
mm and 150 mm). Nine one-way concrete slabs were cast with a width of 450 mm, and
an overall length of 1800 mm. The first and second slabs were used as control slabs
reinforced with steel bars and an 80 mm depth of concrete. The third and fourth slabs
were reinforced with GFRP bars and 80 mm depth of concrete. The fifth specimen was
a pultruded GFRP grating without concrete. The sixth, seventh, eighth and ninth slabs
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were reinforced with pultruded GFRP gratings and constructed with concrete depths of
80 mm, 100 mm, 120 mm and 150 mm, respectively. All the slabs had a clear span
length of 1650 mm.

Figure 2-1 Moulded and pultruded GFRP gratings
The results showed that the slabs reinforced with pultruded GFRP grating exhibited a
concrete crushing failure when the overall concrete depth was either 80 mm or 100 mm.
However, shear failure was observed when the overall depth of concrete was either 120
mm or 150 mm. Two types of shear failure noticed in this study; shear bond failure
which resulted in horizontal cracks along with the interface between the longitudinal
reinforcement and concrete; and diagonal shear failure which was resulted in inclined
cracks moved from the support to the nearest point load. When the depth of concrete
was similar, the experimental load carrying capacities of one-way slabs reinforced with
pultruded GFRP gratings were close to the experimental load carrying capacities of oneway slabs reinforced with steel bars. When the overall concrete depth increased from 80
mm to 150 mm for one-way slabs reinforced with pultruded GFRP gratings, the
experimental load carrying capacities were much higher than the one-way concrete slabs
reinforced with steel bars or GFRP bars. Since the spacing between the transverse bars
of the pultruded GFRP grating was small, the bond (composite action) between the
concrete and pultruded GFRP grating was much improved. This resulted in a flexural
stiffness and ductility of one-way slabs reinforced with pultruded GFRP grating higher
than the one-way slabs reinforced with GFRP bars. It was concluded that the pultruded
GFRP grating was a successful alternative for steel bars in the one-way slabs.
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Mehrdad and Mohammad (2009) investigated the flexural behaviour of one-way slabs
reinforced with moulded GFRP gratings. The variables investigated were the type of
longitudinal reinforcement (either steel bars or moulded GFRP grating) and the overall
depth of concrete (80 mm, 120 mm and 150 mm). The effect of these variables on the
crack pattern, failure modes and experimental load carrying capacities were
investigated. Eight one-way slabs were cast with a width of 450 mm and a total length
of 1800 mm. These slabs were tested under four-point bending with an overall span
length of 1650 mm. The first and second one-way slabs were reinforced with moulded
GFRP gratings and an overall concrete depth of 80 mm. The third and fourth one-way
slabs were reinforced with moulded GFRP gratings and overall concrete depth of 120
mm. The fifth and sixth one-way slabs were reinforced with moulded GFRP gratings
and overall concrete depth of 150 mm. The seventh and eighth one-way slabs were
reinforced with steel bars and overall concrete depth of 80 mm.
The test results showed that with an overall depth of 80 mm, the experimental load
carrying capacities of one-way slabs reinforced with moulded GFRP gratings was less
than the experimental load carrying capacities of one-way slabs reinforced with steel
bars by 34%. When the overall depth increased from 80 mm to 150 mm for one-way
slabs reinforced with moulded GFRP grating, the experimental load carrying capacity
was about 59% higher than the experimental load carrying capacity of one-way slabs
reinforced with steel bars. The one-way slabs reinforced with moulded GFRP gratings
showed three types of failure, diagonal shear failure, shear bond failure, and concrete
crushing failure. It was concluded that the one-way slabs reinforced with moulded
GFRP gratings should be over-reinforced to ensure suitable ductility prior to failure.
Furthermore, the axial rigidity of the longitudinal reinforcement for one-way slabs
reinforced with moulded GFRP gratings should be to the same as the axial rigidity of
longitudinal reinforcement for one-way slabs reinforced with steel bars to ensure the
same flexural stiffness at an equal applied load.
2.3.3

Use of FRP sheets as Internal Stirrups

When the FRP bars with a circular cross-section are bent to form stirrups, their tensile
strength at bent portion decrease significantly compared to their straight portion. This is
because during the bending process, the internal fibres in the bent portion compress,
while the external fibres stretch (Figure 2-2) (Lee and Lee, 2013). The reduction rate of
17

tensile strength in the bent portion for any type of stirrup (circular or rectangular crosssection) generally dependent on the type of FRP bars, the cross-sectional shape, the
fabrication process and the bend ratio (𝑟/𝑑) (Figure 2-2) (ACI 440.1R 2015; Ahmed et
al., 2009). The bend ratio is the ratio of the inner bend radius (𝑟) to the diameter of the
FRP bar (𝑑) (Figure 2-2). The CSA (2012) reported that the bent portion of the FRP bar
stirrup with a circular cross-section resisted approximately 30-70% of its tensile strength
in the straight portion. To overcome this issue, very few studies fabricated and tested a
new type of stirrup (FRP sheet stirrups) with a rectangular cross section.
Dong et al. (2018) investigated the effect of three types of stirrups (steel bar stirrups,
closed form GFRP sheet stirrups and GFRP bar stirrups) on the failure modes and
experimental load carrying capacity of concrete columns under axial compressive load.
These three internal stirrups were used as transverse reinforcement in 16 concrete
columns with cross-sectional column dimensions of 300 mm × 300 mm and an overall
height of 900 mm. The closed form GFRP sheet stirrup was a new proposition,
manufactured by winding continuous glass-fibres filaments impregnated with epoxy
resin around a rectangular mould. The test results showed that the columns reinforced
with GFRP bar stirrups exhibited bond slip failure after concrete crushing, while the
columns reinforced with closed form GFRP sheet stirrups avoided this type of failure.
The proposed closed form GFRP sheet stirrups also provided a higher experimental load
carrying capacity and ductility for the columns than the GFRP bar stirrups.
Lee and Lee (2013) proposed a new stirrup made from completely closed type carbon
fibre reinforced polymer with a rectangular cross section (CFRPRS). This CFRPRS
stirrup was manufactured by winding CFRP sheets impregnated with epoxy resin around
a rectangular mould. The bend strength of the proposed CFRPRS stirrup was compared
to the bend strength of the CFRP bar stirrups with circular cross-section. The bend
strength is the ultimate tensile stress of bent portion of FRP stirrups (ACI 440.3R, 2004).
The test results showed that the CFRPRS stirrup had much higher bend strength than
the CFRP stirrups with a circular cross-section. In addition, there was a further increase
in the bend strength of the CFRPRS stirrup as the width to thickness ratio increased.
Spadea et al. (2017a) compared the bend strength between novel filament CFRP stirrups
with a rectangular cross-section and conventional CFRP bar stirrups with a circular
cross-section. The CFRP stirrups were made from carbon fibres impregnated with epoxy
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resin using an automated filament winding techniques. A total of 30 CFRP specimens
were prepared and tested. The test results showed that the bend strength of the filament
CFRP stirrups with a rectangular cross-section was higher than the bend strength of
conventional CFRP bar stirrups with a circular cross-section.

Figure 2-2 Bent portion of FRP bar stirrups with a circular cross-section (Dong et
al., 2018)
The investigation by Spadea et al. (2017b) aimed to replace the internal steel bar stirrups
in concrete beams with stirrups made from highly durable CFRP filaments. These
stirrups were manufactured by winding eight layers of carbon fibres impregnated with
epoxy resin around a rectangular mould. The main test matrix for this experimental work
consisted of three groups. The first group consisted of ten 25 mm width by 250 mm
length of CFRP strips to estimate the tensile strength of the straight portion of the CFRP
stirrups. The second group consisted of six CFRP stirrups which were tested using the
method proposed in Section B.5 of the ACI 440.3R (2012) to estimate their tensile
strength in the bent portion of the stirrups. The third group included the beams reinforced
for shear with the CFRP stirrups. The beams had a cross-section of 110 mm × 220 mm
and a total length of 1500 mm. The results showed that the bend strength of the CFRP
stirrups with rectangular cross-section was much higher than the bend strength of CFRP
bar stirrups with a circular cross-section. Moreover, the CFRP stirrups with rectangular
cross-section showed high resistance against shear failure when it was used as shear
reinforcement in concrete beams. The conclusion was that the proposed CFRP stirrups
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with rectangular cross-section were constructed with an affordable cost, easy to install
and eliminated the reduction of the tensile strength in the bent portion of CFRP stirrups.

2.4 Durability Test of Fibre Reinforced Polymer (FRP) Composites
In recent decades, FRP composites such as glass-fibre reinforced polymer (GFRP),
carbon-fibre reinforced polymer (CFRP) and aramid-fibre reinforced polymer (AFRP)
are used extensively as longitudinal reinforcement in concrete. These types of FRP
composites are inevitably in-direct contact with or embedded in concrete, which means
that they are directly exposed to a high alkaline environment (with a pH up to 13)
(Karbhari et al. 2003). Specifically, The GFRP composites have less resistance to
alkaline environment than the CFRP composites (Smith et al., 2005; Shi et al., 2015;
Micelli et al., 2001; Robert et al., 2009). This is because the hydroxyl ions (OH) in the
alkaline solution attacks the Si-O bond in glass-fibre and break the Si-O bond (Zhu et
al. 2011). Several studies investigated the effect of alkaline environment on the
mechanical properties of GFRP composites.
Shi et al. (2015) investigated the effects of alkaline solution on the tensile properties and
mass change ratio of three types of FRP composites. The three types of FRP composites
included carbon fibre-reinforced polymer (CFRP), basalt fibre-reinforced polymer
(BFRP) and glass fibre-reinforced polymer (GFRP). An alkaline solution was prepared
by dissolving 118.5 g Ca (OH)2, 0.9 g NaOH and 4.2 g KOH for every one litre of water
(ACI 440.3R 2004). The temperature was then raised to almost 60ᵒ C to help the alkaline
solution penetrate through the FRP composites. The FRP composites were immersed
for the periods of 21-day, 42-day and 63-day. At the end of each period, the mass change
ratio for each FRP composite was calculated using Equation 2.1 (ACI 440.3R 2004).
Afterwards, each type of FRP composite was tested under direct tensile test.
𝑤𝑡 =

𝑀𝑡 − 𝑀0
× 100
𝑀0

(2.1)

where 𝑤𝑡 is the mass change ratio at a specific immersion time t, 𝑀0 is the weight of
FRP composite before immersion (g) and 𝑀𝑡 is the weight of FRP composite at a
specific immersion time t (g). The results showed that the tensile strength of GFRP
composite after the periods of 21-day, 42-day and 63-day immersion in the alkaline
solution was about 45%, 35% and 25%, respectively of its tensile strength before
20

immersion. The tensile strength of BFRP composite after the periods of 21-day, 42-day
and 63-day immersion was about 65%, 50% and 38%, respectively of its tensile strength
before immersion. The tensile strength of CFRP composite after the periods of 21-day,
42-day and 63-day immersion in alkaline solution was about 98%, 94% and 90%,
respectively of its tensile strength before immersion. There was no reduction in the
tensile modulus of elasticity of all the FRP composites before and after immersion. The
mass gain ratio of all FRP composites increased rapidly up to 42 days due to the internal
moisture gain and then, it decreased due to the accelerated mass loss in resin and fibres
due to alkaline corrosion (chemical reactions). The conclusion was that CFRP composite
had resistance to alkaline solution much better than the GFRP composite and BFRP
composite.
Micelli et al. (2001) investigated the influences of the alkaline solution on the tensile
strength of GFRP bars and CFRP bars. The CFRP bars were made from a combination
of epoxy resin and carbon fibres. Two types of GFRP bars were used in this study,
including GFRP bars manufactured from E-glass fibres combined with thermo-plastic
resin and GFRP bars manufactured from E-glass fibres combined with polyester resin.
An alkaline solution was prepared by dissolving 0.16% Ca(OH)2, 1% Na(OH) and 1.4%
K(OH) by weight in distilled water (the alkaline solution has a pH of 12.6). To accelerate
corrosion process, alkaline solution was heated to about 60ᵒ C. The FRP bars (GFRP
bars and CFRP bars) were immersed in alkaline solution for the periods of 21-day and
42-day. After each period, three of each type of FRP bars was tested under a direct
tensile test. The results showed a slight reduction in the tensile strength of the CFRP
bars after being immersed in the alkaline solution for 21-day and 42-day. The GFRP
bars made from E-glass fibres and thermo-plastic resin experienced no reduction in
tensile strength after 21-day and 42-day immersion. Whereas, the GFRP bars made from
E-glass fibres and polyester resin were about 70% and 59% of their tensile strength after
21-day and 42-day respectively, immersion in the alkaline solution. The conclusion was
that epoxy resin and thermoplastic resin produced a high resistance against the attack of
alkali ions. However, the polyester resin provided very low resistance leading to the
glass fibres to be significantly damaged by the penetration of alkaline ions.
Robert et al. (2009) investigated the influences of the concrete environment (mortar
paste) on the tensile properties of GFRP bars. A concrete environment was prepared by
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mixing cement, sand and water at a water/cement ratio of 0.4 (the concrete paste has a
pH of 12.15). The concrete paste was cast into the middle third of the GFRP bars and
placed in a tank of tap water. The GFRP bars were made from E-glass fibres and
vinylester resin. The percentage of E-glass fibres was 81.5% by weight and the
percentage of vinylester resin was 17.5% by weight. The GFRP bars remained in the
tank for 60-day, 120-day, 180-day and 240-day. During each period of immersion, 18
GFRP bars were tested under direct tensile as follows: six GFRP bars were tested after
the exposure to a water temperature of 23ᵒ C, six GFRP bars were tested after the
exposure to a water temperature of 40ᵒ C and six GFRP bars were tested after the
exposure to a water temperature of 50ᵒ C.
The results showed that the tensile strength of the GFRP bars before immersion was 788
MPa. At a water temperature of 23ᵒ C, the tensile strength of GFRP bars after being
immersed for 60-day, 120-day, 180-day and 240-day was about 96%, 89%, 90% and 91,
respectively of their tensile strength before immersion. At a water temperature of 40ᵒ C,
the tensile strength of GFRP bars after being immersed for 60-day, 120-day, 180-day
and 240-day was about 96%, 85%, 90% and 90, respectively of their tensile strength
before immersion. At a water temperature of 50ᵒ C, the tensile strength of GFRP bars
after being immersed for 60-day, 120-day, 180-day and 240-day was about 97%, 91%,
90% and 84, respectively of their tensile strength before immersion. There was a slight
reduction in the tensile strength of GFRP bars even at a high temperature (50ᵒ C) where
the environment was much more aggressive. For example, increasing the temperature
of curing tank from 40ᵒ C to 50ᵒ C during an immersion time of 240-day, only resulted
in a 10% and 16%, respectively reduction in the tensile strength. In contrast, Wang
(2005) carried out a similar study, but the GFRP bars immersed directly into an alkaline
solution (pH =12.7) with a temperature of 60ᵒ C for 300-day. The results showed that
the tensile strength of the GFRP bars was about 50% of their original tensile strength
before immersion.
Tannous et al. (1998) investigated the influences of the alkaline solution on the tensile
properties of GFRP bars made from either E-glass fibres and vinylester resin, or E-glass
fibres and polyester resin. The percentage of E-glass fibres for each GFRP composite
was about 72% by volume. An alkaline solution was prepared by completely dissolving
calcium hydroxide (Ca(OH)2) in distilled water, and then raising the temperature of

22

solution to 25ᵒ C and 60ᵒ C. The GFRP bars were tested under direct tensile test after
being immersed for 180-day in the alkaline solution. These GFRP bars were 10 mm and
19.5 mm in diameter. The 10 mm diameter GFRP bars made from E-glass fibre and
polyester resin showed a 25% and 29% reduction in the tensile strength at 25ᵒ C and 60ᵒ
C, respectively after 180-day immersion. The 10 mm diameter GFRP bars made from
E-glass fibres and vinylester resin showed a 13% and 20% reduction in the tensile
strength at 25ᵒ C and 60ᵒ C, respectively after 180-day immersion. The 19.5 mm diameter
GFRP bars made from E-glass fibre and polyester resin showed a 19% and 20%
reduction in the tensile strength at 25ᵒ C and 60ᵒ C, respectively after 180-day immersion.
The 19.5 mm diameter GFRP bars made from E-glass fibre and vinylester resin showed
11% and 12% reduction in the tensile strength at 25ᵒ C and 60ᵒ C, respectively after 180day immersion. The conclusion was that the vinyl-ester resin showed less moisture
penetration and higher resistance to the alkaline solution than polyester resin. In
addition, the high temperature (60ᵒ C) of alkaline solution showed a small effect on the
tensile strength degradation.
Wu et al. (2015) investigated the effects of four corrosive environments on the tensile
properties and mass loss of basalt fibre sheets, glass-fibre sheets and carbon-fibre sheets.
Each fibre sheet was prepared and cut to a width of 12.5 mm and a length of 250 mm.
The four corrosive environments were an alkaline solution, an acidic solution, a salt
solution and tap water. The alkaline solution was used to evaluate the resistance of fibres
to an environment with a high pH. The alkaline solution was prepared by dissolving
118.5 g Ca(OH)2, 4.2 g Na(OH) and 0.9 K(OH) for every one litre of tap water. Forty
eight (48) basalt-fibre sheets were immersed into two different solutions at a temperature
of 25ᵒ C, such that 24 specimens were placed into the alkaline solution and 24 specimens
into acidic solution. A further 96 basalt-fibre sheets were immersed into four different
solutions at a temperature of 55ᵒ C, such that 24 specimens were placed into alkaline
solution, 24 specimens into acidic solution, 24 specimens into salt solution and 24
specimens into tap water. These basalt fibre specimens were tested under direct tensile
after being immersed for 7-day, 18-day, 34-day and 66-day. Twenty four (24) carbon
fibre sheets were immersed into four different solutions at a temperature of 55ᵒ C, such
that 6 specimens were placed into alkaline solution, 6 specimens into acidic solution, 6
specimens into salt solution and 6 specimens into tap water. Twenty four (24) glassfibre sheets were immersed in four different solutions at a temperature of 55ᵒ C, such
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that 6 specimens were placed into alkaline solution, 6 specimens into acidic solution, 6
specimens into salt solution and 6 specimens into normal water. The carbon-fibre and
glass-fibre specimens were tested under direct tensile test only after being immersed for
66-day. The ends of each fibre sheet were impregnated with epoxy resin and clipped
with two, 60 mm length aluminium taps.
The results showed that the tensile strength of the basalt-fibre sheets and glass-fibre
sheets were affected more by the alkaline solution than the acidic and salt solutions. The
tensile strength of the basalt-fibre sheets and glass-fibre sheets after 66-day immersion
in the alkaline solution at a temperature of 55ᵒ C was decreased by almost 100%
compared to their tensile strength before immersion. The tensile strength of the carbonfibre sheets after 66-day immersion in alkaline solution was about 6% less than their
tensile strength before immersion. The conclusion was that the carbon fibre sheets
showed a tensile strength resistance to alkaline solution, acidic solution, salt solution
and normal water higher than the basalt fibre and glass fibre sheets.
Zhu et al. (2011) investigated the effects of the alkaline environment on the tensile
properties of GFRP composite plates. Two GFRP composite plates were constructed;
the first GFRP composite was made from glass-fibre plate combined with a neat epoxy
resin, and the second GFRP composite was made from glass-fibre plate and an epoxy
organoclay nanocomposite. An alkaline solution was prepared by completely dissolving
10.89g CaCO3 and 5.95g Ca(OH)2 for every 1 litre of deionized water to give a pH of
11.5 and then, heated to a temperature of 60ᵒ C to accelerate the corrosion process. The
cross-sectional dimensions of the GFRP composite plates were 0.9 mm × 24 mm and
the overall length was 250 mm. Each type of GFRP composite plate was tested under
direct tensile, such that five specimens were tested after 30-day immersion, five
specimens were tested after 45-day immersion and five specimens were tested after 60day immersion. The results showed that the tensile strength and tensile modulus of
elasticity of the GFRP specimens made from glass fibres and neat epoxy resin were
decreased by almost 46% and 29%, respectively after 60-day immersion. The tensile
strength and tensile modulus of elasticity of the GFRP specimens made from glass-fibre
and organoclay nanocomposite resin were decreased by 37% and 27%, respectively after
60-day immersion. The conclusion was that the organoclay nanocomposite resin resisted
the penetration of the alkaline solution better than the neat epoxy.
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Chen et al. (2006) investigated the effect of two types of alkaline solutions on the tensile
strength of GFRP bars. The GFRP bars consisted of 70% volume fraction E-glass fibres
and 30% volume fraction of vinyl-ester resin. Two alkaline solutions were prepared with
a pH value of 13.6 (Solution 1) and 12.7 (Solution 2), respectively. Solution 1 was
prepared by dissolving 2.4g NaOH, 19.6g KOH and 2g Ca(OH)2 for every 1 litre of
water (pH=13.6). Solution 2 was prepared by dissolving 0.6g NaOH, 1.4g KOH and
0.037g Ca(OH)2 for every 1 litre of water (pH=12.7). Solution 1 represented the effect
of a normal strength concrete environment on the tensile properties of GFRP bars.
Solution 2 represented the effect of a high performance concrete environment on the
tensile properties of GFRP bars. The alkaline solutions (Solutions 1 and 2) were heated
to temperatures of 20ᵒ C, 40ᵒ C and 60ᵒ C to accelerate the attack of alkali-ions into the
fibres through the resins. All GFRP bars were tested under direct tensile after being
immersed for 30-day, 60-day, and 120-day in alkaline solutions (solution 1 and solution
2). The results showed that, for Solution 1 at 60ᵒ C, the tensile strength of GFRP bars
after 120-day immersion was about 38% of their tensile strength before immersion. For
Solution 2 at 60ᵒ C, the tensile strength of GFRP bars after 120-day immersion was about
60% of their tensile strength before immersion. The conclusion was that Solution 2 (high
performance concrete environment) had less effect on the GFRP bars than Solution 1
(normal strength concrete) due to the low alkalinity of Solution 2 (pH = 12.7) compared
to Solution 1 (pH = 13.6).
Antino et al. (2018) conducted a comparison between 18 diﬀerent research groups
collected from previous studies to evaluate the effect of the alkaline solution on the
tensile strength of GFRP bars. This comparison aimed to determine a rational
environmental reduction factor that could be used to estimate the long-term behaviour
of GFRP bars subjected to an alkali environment at different values of pH. The tensile
strengths of 202 GFRP bars were collected and analysed. Approximately 73% of the
202 specimens mainly manufactured from E-glass fibres and vinyl-ester resin, while 5%
of these specimens were manufactured from aramid-fibres reinforced polymer. The
remaining specimens were made from E-glass fibres and either thermoplastic, urethane
or polyester resins.
The results were evaluated based on the residual tensile strength, i.e., the ratio of tensile
strength after the exposure to an alkaline solution divided by the tensile strength before
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exposure. Regardless of the period of immersion, the average residual tensile strength
of GFRP bars immersed in the alkaline solution at temperatures from 11ᵒ C to 25ᵒ C was
about 88.9%. The average residual tensile strength of GFRP bars immersed in the
alkaline solution at temperatures from 26ᵒ C to 53ᵒ C was about 84.3%, and the average
residual tensile strength of GFRP bars immersed in alkaline solution at temperatures
from 57ᵒ C to 80ᵒ C was about 73.2%. The conclusion was that there was a discrepancy
between the results. It was therefore recommended that more research studies should be
conducted into the effect of alkaline aggressive environment on the mechanical
properties of GFRP composites.
It can be noticed that there was a discrepancy in the tensile strength results for the GFRP
composites after the exposure to the alkaline solution. This was due to the effect of
various parameters on the tensile properties of the composites after the exposure to
alkaline solution such as type of resin, fibre volume friction, type of the chemical in the
alkaline solutions and the applied temperature of alkaline solution. For example, Micelli
et al. (2001) stated that the GFRP bars made from E-glass fibres and thermo-plastic resin
experienced no reduction in tensile strength after 42-day immersion. However, similar
GFRP bars constructed with another type of resin (polyester resin) lost about 41% of its
tensile strength after 42-day immersion in the alkaline solution.

2.5 Analytical Models for Estimating Midspan Deflection
This section is divided into three parts. In the first part, an overview into the use of the
moment area integration for predicting midspan deflection of RC flexural members was
presented. In the second part, an overview into the use of empirical models for predicting
midspan deflections of concrete flexural members reinforced with steel bars was
produced. In the last part, an overview into the use of empirical models for predicting
midspan deflection at various load levels for concrete flexural members reinforced with
FRP bars was explained.
2.5.1

Moment Area Integration

Charkas et al. (2003) developed a rigorous analytical procedure using moment-area
integration to predict the midspan deflection for simply supported beams. The simply
supported beams were strengthened in tension with FRP plates and tested under four-
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point bending. The procedure for predicting midspan deflection assumed a trilinear
moment-curvature response which was characterised by three stages (Figure 2-3). The
first stage represented the uncracked stage (Figure 2-3), the second stage represented
the partially cracked stage, and the third stage represented the post-yielding stage
(Figure 2-3). At each stage, a closed form equation was derived to predict the midspan
deflection. During the uncracked stage, the derived equation predicted the midspan
deflections from the zero moment up to the cracked moment (Figure 2-3). During the
partially cracked stage, the derived equation predicted the midspan deflections from the
cracked moment up to the yield moment (Figure 2-3). During the post-yielding stage,
the derived equation predicted the midspan deflections from the yield moment up to the
nominal moment capacity (Figure 2-3).

This rigorous analytical procedure was

compared with 22 experiments, and was found to be applicable for predicting midspan
deflections especially for beams strengthened in tension with FRP plates.
Smith et al. (2017) proposed an extension to the rigorous analytical procedure proposed
by Charkas et al. (2003) to predict the load-midspan deflection response of FRP plates
strengthened one-way slabs anchored with FRP anchors. This extended procedure for
predicting midspan deflection assumed a quad-linear moment-curvature response which
was characterised by four stages (Figure 2-4). The first stage represented the uncracked
stage (Figure 2-4), the second stage represented the partially cracked stage (Figure 2-4),
the third stage represented the post-yielding stage (Figure 2-4), and the fourth stage
represented the de-bonding stage (Figure 2-4). A closed form equation was established
at each stage to predict the midspan deflection at any moment. During the uncracked
stage, the derived equation predicted the midspan deflections from the zero moment up
to the cracked moment (Figure 2-4). During the partially cracked stage, the derived
equation predicted the midspan deflections from the cracked moment up to the yield
moment (Figure 2-4). During the post-yielding stage, the derived equation predicted the
midspan deflections from the yield moment up to the de-bonding moment (Figure 2-4).
During the de-bonding stage, the derived equation predicted the midspan deflections
from the de-bonding moment up to the nominal moment capacity (Figure 2-4). The
results of the load-midspan deflection response obtained by this extended procedure
were compared with the results of six one-way slabs strengthened in tension with FRP
plates and anchored with FRP anchors. The results showed that the load mid-span
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deflections obtained by the extended procedure were calibrated with the experimental
results.
2.5.2

Concrete Flexural Members Reinforced with Steel Bars

The midspan deflection of a RC flexural member under four-point bending at any
applied load is calculated using Equation 2.2 (Gere and Goodno, 2013).
𝑃 𝑎 (3𝐿2 − 4𝑎2 )
𝛥=
48 𝐸𝑐 𝐼

(2.2)

where 𝛥 is the midspan deflection of a RC flexural member at any applied load (mm);
𝑃 is the applied load (N); L is the span length of a RC flexural member (mm); 𝑎 is the
shear span length (the distance from the support to the nearest point load) (mm); 𝐸𝑐 is
the concrete modulus of elasticity (GPa) and 𝐼 is either the gross second moment of area
3
for un-cracked section (𝐼𝑔 = 𝑏 ℎ ⁄12) or the effective second moment of area for

cracked section (Ie) (mm4).
The first empirical model for the effective second moment of the area was derived by
Branson (1965) (Equation 2.3) for concrete flexural members reinforced with steel bars.
𝐼𝑒 = [

𝑀𝑐𝑟 3
𝑀𝑐𝑟 3
] 𝐼𝑔 + [1 − [
] ] 𝐼𝑐𝑟 ≤ 𝐼𝑔
𝑀𝑎
𝑀𝑎

(2.3)

where 𝐼𝑒 is the effective second moment of area of a RC flexural member (mm4); 𝑀𝑐𝑟
is the cracked moment (N.mm); 𝑀𝑎 is the applied moment (N.mm); 𝐼𝑔 is the gross
second moment of area (mm4) and 𝐼𝑐𝑟 is the cracked second moment of area (mm4). The
cubic term [𝑀𝑐𝑟 /𝑀𝑎 ]3 in the Branson equation accounts for the stiffness variation along
span length of concrete flexural members. The Branson equation (Equation 2.3) was
used by ACI 318 (2004) to predict the midspan deflection starting from cracked moment
up to yield moment for concrete flexural members reinforced with steel bars.
Bischoff (2005) claimed that the Branson equation (Equation 2.3) underestimated the
midspan deflection of concrete flexural members having a longitudinal steel
reinforcement ratio of equal to or less than 1%. Therefore, Bischoff (2005) proposed a
new rational approach for the RC flexural members having a longitudinal steel
reinforcement ratio of equal to or less than 1% (Equation 2.4).
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𝐼𝑒 =

𝐼𝑐𝑟
𝐼
𝑀 2
1 − (1 − 𝐼𝑐𝑟 ) ( 𝑀𝑐𝑟 )
𝑔
𝑎

≤ 𝐼𝑔

(2.4)

Gilbert (2006) analytically investigated the midspan deflection of eight one-way slabs
lightly reinforced with steel bars (longitudinal steel reinforcement ratio of less than 1%)
using the Branson equation (Equation 2.3) and the Bischoff equation (Equation 2.4).
The one-way slabs tested in this study had a cross-sectional dimension of 850 mm × 110
mm and an overall length of 3300 mm. The results showed that the midspan deflection
obtained by Bischoff’s equation (Equation 2.4) was more accurate than the midspan
deflection obtained by Branson’s equation (Equation 2.3).
Mancuso and Bartlett (2017) proved that Branson’s equation (Equation 2.3) provided
un-conservative results for predicting midspan deflections when the steel longitudinal
reinforcement ratio decreased below 1%. Therefore, Mancuso and Bartlett (2017)
proposed two modified procedures. The first procedure proposed to use Branson’
equation (Equation 2.3) with the cracked moment computed using the half concrete
modulus of rupture (0.5 𝑓𝑟 ), while the second procedure proposed to use Bischoff’s
equation (Equation 2.4) with the cracked moment computed using two third the concrete
modulus of rupture (0.67 𝑓𝑟 ). Both of these procedures provided consistent and
conservative results for predicting the midspan deflection of concrete flexural members
reinforced with a longitudinal steel reinforcement ratio of equal to or less than 1%.
2.5.3

Flexural Members Reinforced with FRP Composites

Concrete flexural members reinforced with FRP composites are well-known to have a
larger midspan deflection than the concrete flexural members reinforced with steel bars,
because the FRP composites have a much lower tensile modulus of elasticity than the
steel bars. Therefore, the midspan deflections of concrete flexural members reinforced
with FRP composites are considered the main concern in the design. Extensive research
studies proposed different empirical models for predicting the midspan deflection of
concrete flexural members reinforced with FRP composites.
Gao et al. (1998) proposed the first modification for the Branson equation to predict the
midspan deflections of concrete flexural members reinforced with FRP composites
(Equation 2.5). This modification proposed using a stiffness reduction factor 𝛽𝑑 =
𝛼𝑏 [(𝐸𝑓 /𝐸𝑠 ) + 1]. This reduction factor was derived based on two parameters. The first
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parameter was the ratio of the tensile modulus of elasticity of FRP composite (𝐸𝑓 )
relative to steel reinforcement (𝐸𝑠 ), and the second parameter was the degree of the bond
between the longitudinal reinforcement in tension and concrete (𝛼𝑏 ).

The bond

coefficient (𝛼𝑏 ) was proposed to be 0.5. This model was proved by both the ACI 440
1R (2001) and the ACI 440 1R (2003), to be used for predicting the midspan deflections
of concrete flexural members reinforced with FRP composites.
𝑀𝑐𝑟 3
𝑀𝑐𝑟 3
𝐼𝑒 = [
] 𝛽𝑑 𝐼𝑔 + [1 − [
] ] 𝐼𝑐𝑟 ≤ 𝐼𝑔
𝑀𝑎
𝑀𝑎

(2.5)

Toutanji and Saafi (2000) conducted an investigation to predict the midspan deflection
for six concrete beams reinforced with FRP composites using the Branson Equation
(Equation 2.3). The beams were constructed with different longitudinal reinforcement
ratios. The Branson equation was found to overestimate the effective second moment
of area, and hence underestimated the predicted midspan deflection. It was therefore
suggested that the existing value of the exponent (m=3) was to be changed to an
equation, as shown in Equation 2.6. The equation used to calculate the value of the
exponent (𝑚), was derived depending on two parameters. The first parameter was the
longitudinal reinforcement ratio, and the second parameter was the ratio of the tensile
modulus of elasticity of FRP composite relative to the tensile modulus of elasticity of
steel reinforcement. It was found that the midspan deflection obtained by the proposed
model was in a good agreement with the experimental results.
𝑀𝑐𝑟 𝑚
𝑀𝑐𝑟 𝑚
𝐼𝑒 = [
] 𝐼𝑔 + [1 − [
] ] 𝐼𝑐𝑟 ≤ 𝐼𝑔
𝑀𝑎
𝑀𝑎
where 𝑚 = 6 − [

10 𝐸𝑓 𝜌𝑓
⁄𝐸 ] when
𝑠

(2.6)

𝐸
( 𝑓⁄𝐸 ) 𝜌𝑓 > 0.3 then or 𝑚 = 3 when
𝑠

𝐸
( 𝑓⁄𝐸 ) 𝜌𝑓 < 0.3
𝑠

Yost et al. (2003) conducted an investigation to predict the midspan deflection of 48
concrete beams reinforced with FRP composites using a model proposed by Gao et al.
(1998) (Equation 2.5). The variables were the concrete compressive strength, the shear
span length to effective depth ratio and the longitudinal reinforcement ratio. It was found
that the model proposed by Gao et al. (1998) overestimated the effective second moment
of area and hence underestimated the predicted midspan deflections for all the beams.
Therefore, Yost et al. (2003) proposed that the basic form of the Gao equation remained
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the same (Equation 2.5), while the bond coefficient (𝛼𝑏 = 0.5) should be converted to
a new expression based on the ratio between the longitudinal reinforcement ratio (𝜌𝑓 )
and the balanced reinforcement ratio (𝜌𝑏 ) (Equation 2.7).
𝛼𝑏 = 0.064 (

𝜌𝑓
) + 0.13
𝜌𝑏

(2.7)

The ACI 440 (2006) also proposed to use the same basic form for the model proposed
by Gao et al. (1998) (Equation 2.5) to predict the midspan deflection of concrete flexural
members reinforced with FRP composites. However, it was proposed that the stiffness
variation factor (𝛽𝑑 ) in Gao equation (Equation 2.6) should be converted into a new
expression. This new expression was based on the ratio between the longitudinal
reinforcement ratio (𝜌𝑓 ) relative to the balance reinforcement ratio(𝜌𝑓𝑏 ) (Equation 2.8).
𝜌𝑓
𝛽𝑏 = 0.2 ( ) ≤ 1
𝜌𝑏

(2.8)

Al-Sunna et al. (2005) conducted a study to predict the midspan deflection of twelve
concrete beams reinforced with either steel reinforcement or FRP composites using the
model proposed by Gao et al. (1998) (Equation 2.5). The variables included in this study
were the longitudinal reinforcement ratio (between 0.3% and 3.9%), and the type of
longitudinal reinforcement (steel reinforcement, CFRP and GFRP). The test results
showed that the Gao equation (Equation 2.5) overestimated the effective second moment
of area and hence underestimated the midspan deflection. Therefore, two reduction
factors were added to the equation proposed by Gao et al. (1998). The first reduction
factor was based on the degree of bond (𝛼) between the tensile reinforcement and
concrete. The bond reduction factor proposed to be 0.85 for GFRP reinforcement and
0.9 for CFRP reinforcement. The second modification factor represented the stiffness
variation factor (𝛽) that was calculated based on the ratio of the tensile modulus of
elasticity of FRP composite relative to the tensile modulus of elasticity of steel
reinforcement, as shown in Equation 2.9.
𝑀𝑐𝑟
𝐼𝑒 = ∝ 𝐼𝑐𝑟 + (𝛽𝑑 𝐼𝑔 − 𝛼 𝐼𝑐𝑟 ) (
)
𝑀𝑎

(2.9)

where:
𝛽 = 0.1

𝐸𝑓 1.2
330 ( )
𝐸𝑠
𝑒

Bischoff et al. (2009) conducted a statistical investigation to obtain a rational approach
for predicting the midspan deflection of concrete flexural members reinforced with FRP
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composites. It was found that an accurately predicted midspan deflection was obtained
in case of adding a modification for the expression proposed by Bischoff (2005)
(Equation 2.4). This modification consisted of adding a factor to account for the stiffness
variation (𝛾) along the span length of flexural members tested under four point
bending (𝛾 = (1.7 − 0.7(𝑀𝑐𝑟 /𝑀𝑎 )). The stiffness variation factor was derived based
on the loading condition such as three-point bending or four-point bending and boundary
conditions such as simply supported or fixed. The proposed expression is reported in
Equation 2.10. This equation was proved by the ACI 440.1R (2015) to be used for
predicting the midspan deflection of flexural members reinforced with FRP composites.
𝐼𝑒 =

𝐼𝑐𝑟
𝐼
𝑀 2
1 − 𝛾 (1 − 𝐼𝑐𝑟 ) ( 𝑀𝑐𝑟 )
𝑔
𝑎

≤ 𝐼𝑔

Figure 2-3 Tri-linear moment-curvature diagram (Charkas et al. 2003)

32

(2.10)

Figure 2-4 Quad-linear moment-curvature diagram (smith et al. 2017)

2.6 Summary
The literature review presented in this chapter revealed the following research gaps:
1. From Section 2.2, although few studies proved a significant reduction in the thermal
conductivity and bulk density of concrete containing either expanded perlite or
expanded vermiculite, there is no study that achieved a compressive strength suitable
for use in structures (compressive strength was less than 20 MPa at 28 days).
Therefore, more studies are needed to obtain concrete mixes with a compressive
strength suitable for use in concrete structures (compressive strength of more than 20
MPa at 28 days).
2. From Section 2.3.2, although a limited number of studies investigated the flexural
behaviour of one-way slabs reinforced with moulded and pultruded GFRP gratings,
no study investigated the use of these types of reinforcement (moulded GFRP
gratings and pultruded GFRP gratings) as longitudinal reinforcement in concrete
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beams. Therefore, studies into the use of moulded GFRP gratings or pultruded GFRP
gratings as longitudinal reinforcement in concrete beams are needed.
3. From section 2.3.3, very few studies investigated the effect of FRP sheet stirrups with
rectangular cross-section on the behaviour of concrete beams and columns.
Therefore, further investigations into the effect of FRP sheet stirrups on the behaviour
of concrete beams are needed.
4. From previous studies in Section 2.4, there was a discrepancy in the tensile strength
results of GFRP composites exposed to an alkaline environment. For example,
previous research reported a reduction in tensile strength after exposure to alkaline
solutions from 16% to 100% of the tensile strength before immersion. Therefore,
more investigations are needed to provide a rational reduction factor for the tensile
strength of GFRP composites after the exposure to alkaline solutions.
5. From section 2.5.1, the moment-area integration was only used to predict the midspan
deflection of RC flexural members strengthened in tension with FRP plates.
However, the moment-area integration model has not been used to predict the
midspan deflections of flexural members reinforced internally with GFRP gratings.
Therefore, this existing theory (moment area integration) are important to be
extended to find out its applicability for predicting the midspan deflections of beams
and one-way slabs reinforced internally with GFRP gratings.
The next chapter describes a preliminary study of concrete trial mixes by using the
expanded perlite or expanded vermiculite as a partial replacement to the aggregates in
the normal concrete mixes. The properties of these structural mixes are compared to the
properties of normal weight concrete (reference concrete).
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3

Concrete Trial Mixes, Mechanical Properties and
Thermal Conductivity

3.1 Introduction
This chapter is divided into two main sections. In the first main section, a total of
eighteen concrete trial mixes were produced using two types of lightweight aggregates,
namely expanded perlite and expanded vermiculite. From the eighteen trial mixes, two
mixes were selected to be used in this study with a bulk density of less than normal
weight concrete (reference concrete) and a compressive strength suitable for the use in
concrete structures. These two concrete mixes included one mix containing expanded
perlite (perlite concrete) and the other mix containing expanded vermiculite (vermiculite
concrete).
In the second section, the mechanical properties and thermal conductivity of the newly
designed concrete mixes (perlite concrete and vermiculite concrete) were tested and
compared with the reference concrete. The mechanical properties tests were conducted
in-terms of compressive strength, flexural strength, direct tensile strength and in-direct
tensile strength. In addition, the influence of a new type of reinforcement (moulded
glass-fibre reinforced polymer (GFRP) grating) on the thermal conductivity of these
three types of concrete (reference concrete, perlite concrete and vermiculite concrete)
was investigated.

3.2 Concrete Trial Mixes
A total of 18 trial mixes of concrete were produced including nine trials for perlite
concrete and nine trials for vermiculite concrete. The aim of conducting the 18 trial
mixes was to obtain two concrete mixes (perlite concrete and vermiculite concrete) with
a low bulk density and a compressive strength suitable to be used in concrete structures.
Bulk density of concrete is the weight of a concrete specimen during hardened state
divided by its volume
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3.2.1

Materials

Materials used to produce the 18 concrete trial mixes were general purpose cement, fine
aggregate with a maximum size of 4 mm, coarse aggregate with a maximum size of 10
mm, expanded perlite with a maximum size of 5 mm, expanded vermiculite with a
maximum size of 5 mm, water and water reducing admixture (Plastiment®-10) (Sika,
2017). The expanded perlite and expanded vermiculite were supplied by Ausperl (2015).
The expanded perlite has a spherical shape with a white colour. The expanded
vermiculite has a cubical shape with a brown colour. Figure 3-1(a and b) shows the
expanded perlite and expanded vermiculite, respectively. The particle density of
expanded perlite and expanded vermiculite was tested based on the AS 1141.5 (2000).
It was found that a particle density of 731 kg/m3 for expanded perlite and 790 kg/m3 for
expanded vermiculite was obtained. Table 3-1 reports physical and chemical properties
of expanded perlite and expanded vermiculite. The expanded perlite and expanded
vermiculite have a thermal conductivity of 0.036 W/mK and 0.062 W/mK, respectively
(Table 3-1). The major chemical components of the expanded perlite are the silica (SiO2)
and Alumina (Al2O3) which have a total of 88% of the total compositions (Table 3-1).
For the expanded vermiculite, the major components are the silica (SiO2), Alumina
(Al2O3), iron oxide (Fe2O3) and magnesia (MgO) which have a total amount of about
88% of the total compositions (Table 3-1). Table 3-2 and Table 3-3 reports the particle
size distribution for the fine and coarse aggregates.
3.2.2

Water Absorption Capacity of Expanded Perlite and Expanded Vermiculite

Prior to adding expanded perlite and expanded vermiculite into concrete mixes, it was
important to measure the amount of water that could be absorbed (water absorption) by
expanded perlite and expanded vermiculite during the process of concrete mixing. The
reason for measuring water absorption was to ensure that the water/cement ratio did not
get affected by the tendency of the expanded perlite and expanded vermiculite to absorb
water during the concrete mixing process. Water absorption of expanded perlite particles
and expanded vermiculite particles was measured based on Australian Standards AS
1141.5 (2000).
Water absorption measurement was conducted by placing an amount of 500 g expanded
perlite and an amount of 500 g expanded vermiculite in an oven with a temperature of
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105ᵒ C for 24 hours. Then, the weight of dry samples of each of the expanded perlite and
expanded vermiculite was measured and recorded. Following this, each sample
(expanded perlite and expanded vermiculite) was immersed in water for 24 hours. After
24 hours immersion time, all the water on the free surface of the expanded perlite
particles and expanded vermiculite particles were removed by exposing them to the
surrounding air (the free surface of these two lightweight aggregates were left damp but
not wet). Afterwards, the weight of damp samples (expanded perlite and expanded
vermiculite) were measured and recorded. Water absorption of expanded perlite and
expanded vermiculite was obtained using Equation 3.1
𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑎𝑚𝑝 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒
× 100
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒

(3.1)

Figure 3-1 Expanded perlite and expanded vermiculite
Water absorption for each of the expanded perlite and expanded vermiculite was found
to be 200% by weight. Water absorption test for the expanded perlite and expanded
vermiculite was repeated within immersion time of 30 min. It was found that water
absorption of the expanded perlite and expanded vermiculite within immersion time of
30 min was similar to the water absorption within immersion time of 24 hours. Based
on the results of water absorption measurement, an amount of pre-absorption water
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equal to double the weight of the expanded perlite and expanded vermiculite in the
concrete mix was added to either expanded perlite or expanded vermiculite in a time of
30 min before adding the remaining ingredients (cement, fine aggregate, coarse
aggregate and water).
Table 3-1 Physical and chemical properties of expanded perlite and expanded
vermiculite (Ausperl, 2015)
Component

Expanded perlite

Expanded vermiculite

Colour

White

Brown

Thermal conductivity

0.036

0.062

SiO2

74.0%

42.3%

Al2O3

14.0%

11.9%

Fe2O3

1.0%

10.2%

CaO

1.3%

6.6%

MgO

0.3%

23.4%

Na2O

3.0%

0.2%

K2O

4.0%

4.4%

TiO2

0.1%

0.8%

Particle density (kg/m3)

731

790

200%

200%

(W/mK)

Water absorption

Table 3-2 Particle size distribution for fine aggregates
Sieve size
(mm)

Mass retained
(g)

13.2
6.7
3.35
2
1.18
0.85
0.425
0.3
0.15
0.075

0
1.6
8.8
16.5
48.3
57.8
44.3
38.6

% Retained
0
0.76
3.52
6.6
19.32
23.12
17.72
15.44

Cumulative
Retained %
0
0.76
4.28
10.88
30.2
53.32
71.04
86.48
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Cumulative
passing %

100
99.24
95.72
89.12
69.8
46.68
28.96
13.52

Table 3-3 Particle size distribution for coarse aggregates
Sieve size
(mm)

Mass retained
(g)

12.5
10
4.75
2.36
1.18
0.6
0.3
0.15
0.075

4
9
32
47
126
178
94
3

3.2.3

% Retained

0.8
1.8
6.4
9.4
25.2
35.6
18.8
0.6

Cumulative
Retained %

passing %

0
0.8
2.6
9.0
18.4
43.6
79.2
98.0
98.6

100
99.2
97.4
91.0
81.6
56.4
20.8
2.0
1.4

Method of Conducting Concrete Trial Mixes and Mixing Process

The test parameters used in this study were conducted by gradually replacing normal
weight aggregates (up to 75%) with lightweight aggregates (expanded perlite and
expanded vermiculite). These parameters were considered an extension to the
investigations conducted by previous studies (Chapter 2). Further parameters were
considered including the cement weight increment and the addition of coarse aggregate
to concrete in order to reduce the bond issue between lightweight aggregate and cement
paste and also to increase the compressive strength. Method of conducting the eighteen
concrete trial mixes was achieved based on three stages. Table 3-4 and Table 3-5 show
the concrete trial mixes at each stage. At each stage, a total of six concrete trial mixes
were produced including three mixes of perlite concrete (P) and three mixes of
vermiculite concrete (V). Referring to Table 3-4 and Table 3-5, the trial mixes of
concrete at each stage were labelled in three parts. The first part represented the type of
concrete which included P for perlite concrete and V for vermiculite concrete. The
second part represented the stage number including 1 for Stage 1, 2 for Stage 2 and 3
for Stage 3. The last part represented the trial mix number at a specific stage which
included 1 for first trial mix, 2 for the second trial mix and 3 for third trial mix. For
example, P-2-1 represented the first trial mix at Stage 2 of perlite concrete.
For each trial mix, a total of 12 concrete cylinders with a 100 mm diameter and 200 mm
height were cast and tested under compression. Six cylinders were tested at 7-day and
the remaining six cylinders were tested at 28-day based on AS 1012.9 (2014). A mix of
normal weight concrete was cast with an average compressive strength at 28-day of 36
MPa and an average bulk density of 2400 kg/m3 (Table 3-4 and Table 3-5). This mix
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was used as a reference concrete to compare its average compressive strength and
average bulk density with perlite concrete trial mixes and vermiculite concrete trial
mixes.
For the process of mixing each trial mix (either perlite concrete mix or vermiculite
concrete mix), the quantity of the pre-absorption water was initially added to the
expanded perlite or expanded vermiculite for approximately 30 min before adding the
remaining ingredients (cement, fine aggregate, coarse aggregate and water) inside a
drum mixer. After a time of 30 min, the cement, fine aggregate and coarse aggregate
were then added inside the mixer and mixed with either expanded perlite or expanded
vermiculite. The water and the water reducing admixture (Plastiment®-10) were premixed and then added gradually to the mixture. The total mixing time of perlite concrete
and vermiculite concrete was approximately 5 to 6 min. All concrete trial mixes were
cast, cured and tested in the civil engineering laboratories, University of Wollongong,
Australia. The following stages are conducted for establishing the eighteen concrete trial
mixes:
3.2.3.1 Stage 1 of Concrete Trial Mixes
Six trial mixes were constructed at this stage including three trials for perlite concrete
and three trials for vermiculite concrete. For perlite concrete trial mixes (P-1-1, P-1-2
and P-1-3), the weight of cement (470 kg/m3) and the weight of water (118 kg/m3) were
kept constant (Table 3-4). For Mix P-1-1, the weight of fine aggregates was reduced by
about 36% compared to the reference concrete without using coarse aggregates in the
mix (Table 3-4) while for Mix P-1-2, the weight of coarse aggregates was reduced by
59% compared to the reference concrete with excluding the fine aggregates totally from
the mix (Table 3-4). As for Mix P-1-3, the weight of fine and coarse aggregates were
decreased by about 68% and 80%, respectively in comparison to the weight of fine and
coarse aggregates in the reference concrete (Table 3-4). Corresponding to this reduction
in the fine and coarse aggregates (75% reduction compared to the weight of aggregates
in the reference concrete), an amount of expanded perlite of 170 kg/m3 was added to the
three mixes of perlite concrete (P-1-1, P-1-2 and P-1-3) (Table 3-4).
For vermiculite concrete trial mixes (V-1-1, V-1-2 and V-1-3), the weight of cement
(470 kg/m3) and the weight of water (165 kg/m3) were also kept constant (Table 3-5).
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For Mix V-1-1, the weight of fine aggregates was reduced by about 36% compared to
the weight of fine aggregates in the reference concrete with excluding the coarse
aggregates totally from the mix (Table 3-5). For Mix V-1-2, the weight of coarse
aggregates was reduced by 59% compared to the weight of coarse aggregates in the
reference concrete with excluding the fine aggregates totally from the mix (Table 3-5).
As for Mix V-1-3, the weight of fine and coarse aggregates were decreased by 68% and
80%, respectively in comparison to the weight of fine and coarse aggregates in the
reference concrete mix (Table 3-5). Corresponding to this reduction in the fine and
coarse aggregates (75% reduction compared to the weight of aggregates in the reference
concrete), an amount of expanded vermiculite of 158 kg/m3 was added to the three mixes
of vermiculite concrete (V-1-1, V-1-2 and V-1-3) (Table 3-5).
The results showed that the average bulk densities of Mix P-1-1, Mix P-1-2, Mix P-1-3,
Mix V-1-1, Mix V-1-2 and Mix V-1-3 were about 50%, 50%, 50%, 42%, 42% and 42%,
respectively less than the average bulk density of the reference concrete (Table 3-4 and
Table 3-5). It can be clearly seen that replacing 75% of the normal weight aggregates
(fine and coarse aggregates) by expanded perlite or expanded vermiculite led to a
significant reduction in the average concrete bulk density ( up to 50%) (Figure 3.2, Table
3-4 and Table 3-5). Corresponding to this reduction in the bulk density, the average
compressive strengths at 28-day for Mix P-1-1, Mix P-1-2, Mix P-1-3, Mix V-1-1, Mix
V-1-2 and Mix V-1-3 were about 93%, 93%, 90%, 94%, 94% and 93%, respectively
less than the average compressive strength of the reference concrete (Figure 3.2, Table
3-4 and Table 3-5). The significant reduction in the average compressive strength at this
stage occurred due to the high amount of lightweight aggregates (expanded perlite or
expanded vermiculite) in the concrete mixes and this required to add a large amount of
pre-absorption water. The high amount of water added into the mixes at Stage 1 resulted
in segregation between the cement paste and aggregates, as shown in Figure 3-3.
Therefore, at Stage 2, it was important to reduce the weight of expanded perlite and
expanded vermiculite gradually in the concrete mixes and corresponding to this, the
weight of cement was gradually increased to improve the degree of bond between the
cement paste and aggregates.
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3.2.3.2 Stage 2 of Concrete Trial Mixes
A total of six trial mixes were produced at this stage including three trials for perlite
concrete and three trials for vermiculite concrete. The modification at this stage was
conducted for Mix P-1-3 and Mix V-1-3 that were having the highest average
compressive strengths in comparison to other mixes at Stage 1. The weight of fine
aggregate (225 kg/m3) and coarse aggregate (225 kg/m3) at this stage were kept constant
for all trials (Table 3-4 and Table 3-5). For the three mixes of perlite concrete, the weight
of cement was increased for Mixes P-2-1, P-2-2, and P-2-3 by weight to about 20%,
40% and 60%, respectively compared to the weight of cement in Mix P-1-3 (Table 3-4).
Corresponding to cement increment, the weight of expanded perlite for Mixes P-2-1, P2-2, and P-2-3 was reduced by weight to about 9%, 19%, and 29%, respectively in
comparison to the weight of expanded perlite in Mix P-1-3 (Table 3-4). In a similar
manner, for the three mixes of vermiculite concrete, the weight of cement was increased
for Mixes V-2-1, V-2-2, and V-2-3 by weight to about 21%, 42%, and 63%, respectively
compared to the weight of cement in Mix V-1-3 (Table 3-5). Corresponding to this
increment, the weight of the expanded vermiculite for Mixes V-2-1, V-2-2, and V-2-3
was reduced by weight to about 13%, 25%, and 38%, respectively in comparison to the
weight of expanded vermiculite in Mix V-1-3 (Table 3-5).
It was found that the average compressive strength at 28-day for mixes of perlite
concrete was increased from 3.5 MPa for Mix P-1-3 (Stage 1) to 5.0 MPa for Mix P-21, 8.0 MPa for Mix P-2-2 and 12.0 MPa for Mix P-2-3 (Figure 3-4 and Table 3-4).
Corresponding to this, the average bulk density was also increased from 1200 kg/m3 for
Mix P-1-3 to 1309 kg/m3 for Mix P-2-1, 1411 kg/m3 for Mix P-2-2 and 1511 kg/m3 for
Mix P-2-3 (Figure 3-4 and Table 3-4). In addition, the average compressive strength at
28-day for mixes of vermiculite concrete was increased from 2.5 MPa for Mix V-1-3
(Stage 1) to 4.0 MPa for Mix V-2-1, 7.0 MPa for Mix V-2-2 and 11 MPa for Mix V-23 (Figure 3-4 and Table 3-5). Corresponding to this, the average bulk density at 28-day
was increased from 1400 kg/m3 (Stage 1) for Mix V-1-3 to 1504 kg/m3 for Mix V-2-1,
1595 kg/m3 for Mix V-2-2 and 1684 kg/m3 for Mix V-2-3 (Figure 3-4 and Table 3-5).
At this stage, the increment in the average compressive strength was because the bond
between the cement paste and aggregates was improved and no segregation was
observed. Although a significant increment in the average compressive strength at this
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stage was achieved, an average compressive strength for structural purposes at 28-day
was still not obtained. Therefore, to produce more increment in the average compressive
strength at the next stage (Stage 3), the weight of normal aggregates was gradually
increased with a corresponding gradual decrease in the weight of expanded perlite and
expanded vermiculite.

Figure 3-2 Weight of the ingredients at Stage 1 trial mixes

Figure 3-3 Perlite concrete and vermiculite concrete at Stage 1
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Table 3-4 Details of trial mixes of perlite concrete and the mix of the reference concrete
Stage

Concrete
mixes

-

Reference

Cement F.Agg* C.Agg* EXP*
kg/m3
kg/m3
kg/m3 kg/m3

Pre- Water
A*
kg/m3
water
kg/m3
235

w/c*
ratio

WRA*
kg/m3

Bulk
density
kg/m3

0.5

2.4

2400

C.S* C.S* Percentage Percentage
at 7- at 28 of cement
of Agg.*
day
day
addition
reduction
MPa MPa
30
36
0
0

470

700

1100

-

P-1-1

470

450

-

170

340

118

0.25

2.4

1200

2.0

2.5

0

P-1-2

470

-

450

170

340

118

0.25

2.4

1194

2.0

2.5

0

P-1-3

470

225

225

170

340

118

0.25

2.4

1200

2.7

3.5

0

P-2-1

564

225

225

154

308

141

0.25

2.9

1309

3

5

+20%

P-2-2

658

225

225

138

276

165

0.25

3.3

1411

6

8

+40%

P-2-3

752

225

225

121

242

185

0.25

3.4

1511

9

12

+60%

P-3-1

752

247

347

105

210

185

0.25

3.4

1639

13

16

+60%

-67%

P-3-2

752

319

419

88

176

185

0.25

3.4

1766

18

22

+60%

-59%

P-3-3

752

400

500

70

140

185

0.25

3.4

1910

28

36

+60%

-50%

concrete
(R)

Stage 1

Stage 2

Stage 3

-75%

-75%

* F.Agg: Fine aggregate; C.Agg: Coarse aggregate; EXP: Expanded perlite; Pre-A water: Pre-absorption water; w/c ratio: water/cement ratio; WRA: Water
reducing admixture; C.S: Compressive strength; Agg.: Fine and coarse Aggregates
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Table 3-5 Details of trial mixes of vermiculite concrete and the mix of the reference concrete
Stage

Concrete
mixes

-

Reference
concrete
(R)
V-1-1

470

700

1100

-

-

235

0.5

2.4

2400

30

36

-

-

470

450

-

158

316

165

0.35

2.4

1400

1.8

2

0

-75%

V-1-2

470

-

450

158

316

165

0.35

2.4

1390

1.5

2

0

V-1-3

470

225

225

158

316

165

0.35

2.4

1400

2

2.5

0

V-2-1

569

225

225

138

276

199

0.35

2.9

1504

2.5

4

+21%

V-2-2

667

225

225

118

236

234

0.35

3.4

1595

4

7

+42%

V-2-3

766

225

225

98

196

268

0.35

3.5

1684

6

11

+63%

V-3-1

766

430

380

58

116

268

0.35

3.5

1958

11

14

+63%

-55%

V-3-2

766

520

470

49

98

268

0.35

3.5

2095

13

20

+63%

-45%

V-3-3

766

590

530

40

80

268

0.35

3.5

2122

23

32

+63%

-38%

Stage 1

Stage 2

Stage 3

Cement F.Agg* C.Agg* EXV*
kg/m3
kg/m3
kg/m3 kg/m3

Pre- Water w/c* WRA* Bulk C.S* C.S*at Percentage Percentage
A*
kg/m3 ratio kg/m3 density at 728of cement
of Agg.*
3
water
kg/m
day
day
addition
reduction
kg/m3
MPa MPa

-75%

* F.Agg: Fine aggregate; C.Agg: Coarse aggregate; EXV: Expanded vermiculite; Pre-A water: Pre-absorption water; w/c ratio: water/cement ratio; WRA:
Water reducing admixture; C.S: Compressive strength; Agg.: Fine and coarse Aggregates
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Figure 3-4 Weight of the ingredients at Stage 2 trial mixes
3.2.3.3 Stage 3 of Concrete Trial Mixes
At this stage, a total of six trial mixes of concrete were produced including three trials
for perlite concrete and three trials for vermiculite concrete. The modification at this
stage was conducted for Mix P-2-3 and Mix V-2-3 that were having the highest average
compressive strength in comparison to other mixes at Stage 2. For the perlite concrete
trial mixes (P-3-1, P-3-2 and P-3-3), the weight of cement (752 kg/m3) was kept constant
which was similar to the weight of cement for Mix P-2-3 at Stage 2 (Table 3-4). The
weight of fine aggregate was increased from 225 kg/m3 for Mix P-2-3 (Stage 2) to 247
kg/m3 for Mix P-3-1, 319 kg/m3 for Mix P-3-2 and 400 kg/m3 for Mix P-3-3 (Table 3-4).
In addition, the weight of coarse aggregate was increased from 225 kg/m3 for Mix P-23 (Stage 2) to 347 kg/m3 for Mix P-3-1, 419 kg/m3 for Mix P-3-2 and 500 kg/m3 for Mix
P-3-3 (Table 3-4). Corresponding to this increment, the weight of expanded perlite was
reduced from 121 kg/m3 for Mix P-2-3 (Stage 2) to 105 kg/m3 for Mix P-3-1, 88 kg/m3
for Mix P-3-2 and 70 kg/m3 for Mix P-3-3 (Table 3-4). The results showed that the
average compressive strength at 28-day was increased from 12.0 MPa for Mix P-2-3 to
16.0 MPa for Mix P-3-1, 22.0 MPa for Mix P-3-2 and 36.0 MPa for Mix P-3-3 (Figure
3-5 and Table 3-4). Corresponding to this, the average bulk density was also increased
from 1511 kg/m3 for Mix P-2-3 to 1639 kg/m3 for Mix P-3-1, 1766 kg/m3 for Mix P-346

2 and 1910 kg/m3 for Mix P-3-3 (Figure 3-5 and Table 3-4). To summarise, the highest
average compressive strength was achieved by Mix P-3-3 (36.0 MPa) which was similar
to the average compressive strength of the reference concrete and a corresponding
average bulk density of 20% less than the average bulk density of the reference concrete
(Figure 3-5 and Table 3-4).

Figure 3-5 Weight of the ingredients at Stage 3 trial mixes
For the vermiculite concrete trial mixes (Mix V-3-1, Mix V-3-2 and Mix V-3-3), the
weight of cement was kept constant (766 kg/m3) (Table 3-5), which was similar to the
weight of cement for Mix V-2-3 at Stage 2. The weight of fine aggregate was increased
from 225 kg/m3 for Mix V-2-3 (Stage 2) to 430 kg/m3 for Mix V-3-1, 520 kg/m3 for
Mix V-3-2 and 590 kg/m3 for Mix V-3-3 (Table 3-5). In addition, the weight of the
coarse aggregate was increased from 225 kg/m3 for Mix V-2-3 (Stage 2) to 380 kg/m3
for Mix V-3-1, 470 kg/m3 for Mix V-3-2 and 530 kg/m3 for Mix V-3-3 at Stage 3 (Table
3-5). Corresponding to this, the weight of expanded vermiculite was reduced from 98
kg/m3 for Mix V-2-3 (Stage 2) to 58 kg/m3 for Mix V-3-1, 49 kg/m3 for Mix V-3-2 and
40 kg/m3 for Mix V-3-3 (Table 3-5). The test results showed that the average
compressive strength at 28-day was increased from 11.0 MPa for Mix V-2-3 to 14.0
MPa for Mix V-3-1, 20.0 MPa for Mix V-3-2 and 32.0 MPa for Mix V-3-3 (Figure 3-5
and Table 3-5). Corresponding to this, the average bulk density at 28-day was also
increased from 1684 kg/m3 for Mix V-2-3 to 1958 kg/m3 for Mix V-3-1, 2095 kg/m3 for
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Mix V-3-2 and 2122 kg/m3 for Mix V-3-3 (Figure 3-5 and Table 3-5). To summarise,
the highest average compressive strength was obtained by Mix V-3-3 which was less
than the average compressive strength of the reference concrete by 11% with a
corresponding average bulk density of about 12% less than the bulk density of the
reference concrete (Figure 3-5 and Table 3-5). Figure 3-6 shows the perlite concrete and
vermiculite concrete after failure.

Figure 3-6 Perlite concrete and vermiculite concrete after failure
Based on the results from all three stages, it can be noticed that the use of expanded
perlite and expanded vermiculite as a replacement to the fine aggregate and coarse
aggregate with different mix proportions led to a reduction in the average bulk density
of concrete from 12% to 50% compared to the average bulk density of the reference
concrete (Table 3-4and Table 3-5). For the trial mixes of perlite concrete, the highest
compressive strength at 28-day was obtained by Mix P-3-3 with an average compressive
strength of 36.0 MPa and a corresponding average bulk density of 20% less than the
average bulk density of the reference concrete. For the trial mixes of vermiculite
concrete, the highest average compressive strength at 28-day was obtained by Mix V-33 with an average compressive strength of 32.0 MPa and a corresponding average bulk
density of 12% less than the bulk density of the reference concrete (Table 3-4 and Table
3-5). To make sure that each of Mix P-3-3 and Mix V-3-3 can be used in the concrete
structure, further properties including flexural strength, direct tensile strength, in-direct
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tensile strength and thermal conductivity were examined in this study and compared
with the normal weight concrete (reference concrete).

3.3 Mechanical Properties and Thermal Conductivity Tests
In this section, the mechanical properties for the two newly designed concrete mixes
(Mix P-3-3 and Mix V-3-3) were examined and compared with the mechanical
properties of the reference concrete (R). Four types of mechanical properties tests were
conducted which included compressive strength, flexural strength, direct tensile strength
and in-direct tensile strength tests (Table 3-6). In addition, thermal conductivity test was
conducted experimentally for concrete specimens with and without GFRP
reinforcement using heat flow meter (HFM) instrument. In this section, Mix P-3-3 and
Mix V-3-3 were named perlite concrete (P) and vermiculite concrete (V), respectively.
3.3.1

Compressive Strength Test

Compressive strength test of concrete cylinders was conducted based on AS 1012.9
(2014). For each mix (R, P and V), a total of nine cylinders with a diameter of 100 mm
and a height of 200 mm were cast and tested under compression (Table 3-6). The nine
cylinders included three cylinders tested at 7-day, three cylinders tested at 28-day and
the remaining three cylinders tested at 56-day.
3.3.2

Compressive Stress-Strain Behaviour

Compressive stress-strain behaviour of concrete cylinders was conducted based on AS
1012.9 (2014). A total of nine concrete cylinders with a diameter of 150 mm and a height
of 300 mm were cast and tested under compression at 28-day (Table 3-6). The nine
concrete cylinders included three cylinders for Mix R, three cylinders for Mix P and
three cylinders for Mix V (Table 3-6). All cylinders were tested using the Denison
testing machine (United Kingdom) with a maximum load of 5000 kN. A steel frame that
consisted of two steel rings, was placed in the middle third of each concrete cylinder to
fix the linear variable differential transformer (LVDT) (Figure 3-7). The LVDT was
used to capture the axial deformation every two seconds. The cylinders were axially
loaded up to failure with a displacement rate of 0.3 mm/min. From the compressive
stress-strain curve, the experimental compressive modulus of elasticity was calculated
using the chord method (AS 3600, 2009).
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3.3.3

Flexural Strength Test

Flexural strength test was conducted based on AS 1012.11 (2014). A total of nine
concrete beams with a cross-sectional dimension of 100 mm × 100 mm and an overall
length of 500 mm were tested under four-point bending at 28-day (Table 3-6). The nine
concrete beams included three beams for Mix R, three beams for Mix P and three beams
for Mix V (Table 3-6). The flexural strength was calculated using Equation 3.2 (AS
1012.11, 2014).
𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (𝑀𝑃𝑎) =

𝑃𝐿 (1000)
𝐵𝐷2

(3.2)

where 𝑃 is the experimental maximum applied load (kN); 𝐿 is the span length (mm); 𝐵
is the width of the beam at the point of failure (mm); 𝐷 is the depth of beam at the
point of failure.
3.3.4

Direct Tensile Strength Test

The direct tensile test was conducted using a test method proposed by Alhussainy et al.
(2016). Figure 3-8 shows the details of formwork used for the direct tensile test. For this
test, a rectangular wooden formwork with the inside cross-sectional dimension of 100
mm × 100 mm and inside length of 500 mm was constructed. Two steel threaded rods
with a 20 mm diameter were embedded in both ends of the formwork with a length of
125 mm inside a concrete specimen (Figure 3-8). Each steel threaded rod had four steel
pins welded at 90 degrees with a diameter of 8 mm and a centre to centre spacing of 20
mm (Figure 3-8). To make sure that the failure will occur at the mid-length of a concrete
specimen, two triangular prisms of wood were glued inside the formwork in the midlength of the concrete specimen with a base of 10 mm and a height of 10 mm (Figure 38).
For this test, a total of nine concrete square prisms with a cross-sectional dimension of
100 mm × 100 mm and an overall length of 500 mm were cast and tested at 28-day
(Table 3-6). The nine concrete square prisms included three prisms for Mix R, three
prisms for Mix P and three prisms for Mix V (Table 3-6). All prisms were tested using
a tensile testing machine with a maximum load of 500 kN and a displacement rate of
0.1 mm/min.
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Table 3-6 Main test matrix of the mechanical tests
Mix
Type of test
Type of
concrete
specimen
Compression
Cylinder

R

P

V

3.3.5

Dimensions
(mm)

Number of
specimen

100 × 200

9

Compression

Cylinder

150 × 300

3

Four-point bending

Beam

100 × 100 × 500

3

Direct tensile test

Square prism

100 × 100 × 500

3

Indirect tensile test

Cylinder

150 × 300

3

Compression

Cylinder

100 × 200

9

Compression

Cylinder

150 × 300

3

Four-point bending

Beam

100 × 100 × 500

3

Direct tensile test

Square prism

100 × 100 × 500

3

Indirect tensile test

Cylinder

150 × 300

3

Compression

Cylinder

100 × 200

9

Compression

Cylinder

150 × 300

3

Four-point bending

Beam

100 × 100 × 500

3

Direct tensile test

Square prism

100 × 100 × 500

3

Indirect tensile test

Cylinder

150 × 300

3

In-direct Tensile Strength Test

Indirect tensile strength (Brazil or splitting test) was conducted based on AS 1012.10
(2000). For this test, a total of nine concrete cylinders with a diameter of 150 mm and a
height of 300 mm were cast and tested at 28-day (Table 3-6). The nine concrete cylinders
included three cylinders for Mix R, three cylinders for Mix P and three cylinders Mix
V. The in-direct tensile strength was calculated using Equation 3.3.
𝐼𝑛_𝑑𝑖𝑟𝑒𝑐𝑡 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎) =

2000 𝑃
𝜋𝐿𝐷

(3.3)

where 𝑃 is the experimental maximum applied load (kN); 𝐿 is the length of the cylinder
(mm); and 𝐷 is the diameter of cylinder.
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Figure 3-7 Typical concrete cylinder tested under compression

Figure 3-8 Formwork details used for direct tensile strength test
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Figure 3-9 Details of testing a concrete specimen in Heat Flow Meter instrument

3.3.6

Thermal Conductivity Test

Thermal conductivity of concrete was measured experimentally using heat flow meter
(HFM) instrument based on ASTM C518 (2009). Before testing the concrete specimens
in the HFM instrument (436 Lambda models) (Netzsch, 2008), each concrete specimen
was dried in an oven for a period of 24 hours and a temperature of 105 ±5 °C to remove
all moisture from a concrete specimen (Khan, 2002; Oktay et al., 2015). Moisture on the
concrete specimen can affect the results of the thermal conductivity and may provide
inaccurate results (Khan, 2002; Oktay et al., 2015; ASTM C518, 2009). After 24 hours,
the concrete specimens were removed from the oven and tested inside the HFM
instrument (436 Lambda models).
Figure 3-9 shows an explanation about the testing of a concrete specimen in the HFM
instrument. The principle operation of the HFM instrument was conducted by placing a
concrete specimen between two plates (hot plate and cold plate) inside the HFM
instrument (436 Lambda models) (Figure 3-9). Afterwards, two compressible pads were
placed on the interface on both sides of the concrete specimen to create a smooth contact
between the two plates and the two surfaces of the specimen (Figure 3-9). Following
this, the top hot plate precisely pressed the top surface of the concrete specimen in order
to create intimate contact between the interfaces of the concrete specimen and the two
plates (upper hot plate and lower cold plate) (Figure 3-9). Then, a quantity of heat was
applied from the heat flux transducer in the hot plate to transfer to the heat flux
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transducer in the cold plate through the overall depth of the concrete specimen (Figure
3-9). When the equilibrium of temperature between the two plates (upper hot plate and
lower cold plate) is achieved, the thermal conductivity of the concrete specimen can be
provided from the HFM instrument.
For this test, the influence of a new type of reinforcement (moulded GFRP grating mesh)
on thermal conductivity of the three types of concrete (reference concrete, perlite
concrete and vermiculite concrete) was investigated. Moulded glass-fibre reinforced
polymer (GFRP) grating is a composite material of 65% isophthalic polyester resin
combined with 35% glass fibres (American grating, 2015). The isophthalic polyester
resin is an industrial grade resin which can provide high fire resistance for the GFRP
composite (American grating, 2015). This feature could provide a good reduction in the
thermal conductivity of concrete when this type of reinforcement (GFRP grating
composite) embedded in concrete as a reinforcement

Figure 3-10 Typical sections of specimens reinforced with moulded GFRP grating
mesh (All dimensions in mm)
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Table 3-7 Main test matrix and test results of the specimens tested in Heat Flow
Meter (HFM) instrument
Mix

R

P

V

Specimen

Bulk
Density
(kg/m3)

Thermal
conductivity
(W/m.K)

2400

Oven
dry
density
(kg/m3)
2280

1.20

Calculated
thermal
conductivity by
using Eq.3.6
1.24

R-0
R-25

2291

2265

0.94

-

R-38

2210

2251

0.87

-

P-0

1910

1895

0.65

0.77

P-25

1885

1875

0.57

-

P-38

1870

1870

0.53

-

V-0

2120

2044

0.84

0.93

V-25

2031

1949

0.78

-

V-38

2019

1928

0.72

-

In total, nine concrete specimens with a width of 140 mm, length of 140 mm and an
overall depth of 76 mm were cast and tested. The main test matrix of the concrete
specimens tested inside the HFM instrument is shown in Table 3-7. Referring to Table
3-7, three specimens were cast for Mix R, three specimens for Mix P and three
specimens for Mix V. The first specimen for each mix was without reinforcement (R-0,
P-0 and V-0) (Table 3-7), the second specimen was reinforced with 25 mm overall depth
moulded GFRP grating (R-25, P-25 and V-25) (Table 3-7) and the third specimen was
reinforced with 38 mm overall depth moulded GFRP grating (R-38, P-38 and V-38)
(Table 3-7). Figure 3-10(a) shows a typical side view of the specimens reinforced with
moulded GFRP grating. Referring to Figure 3-10(a), the concrete clear cover from all
sides was 10 mm. Figure 3-10(b) shows a typical cross-sectional dimension of
specimens reinforced with moulded GFRP grating. Referring to Figure 3-10(b), the
concrete clear cover from the top surface and bottom surface was 10 mm. In addition,
the concrete clear cover from each side was 25.5 mm for specimens reinforced with 25
mm overall depth moulded GFRP grating and 19.0 mm for specimens reinforced with
38 mm overall depth moulded GFRP grating [Figure 3-10(b)].
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3.4 Mechanical Test Results and Thermal Conductivity Test Results
3.4.1

Compressive Strength

The compressive strength and the bulk density of Mix R, Mix P and Mix V at 7-day, 28day and 56-day are shown in Table 3-8. At the age of 28-day, Mix P produced an average
bulk density of 20% less than the average bulk density of Mix R with a corresponding
average compressive strength for Mix P similar to the average compressive strength of
Mix R (Table 3-8). In addition, at the age of 28-day, Mix V produced an average bulk
density of 12% less than the average bulk density of Mix R with a corresponding average
compressive strength for Mix V of 11% less than the compressive strength of Mix R
(Table 3-8).
The average compressive strength of Mix R at the age of 56-day relative to the age of
28-day was equal to 1.2, while the average compressive strength of both Mix P and Mix
V at the age of 56-day relative to the age of 28-day was equal to 1.4 (Table 3-8). This
can be attributed to the high pozzolanic activity (chemical reaction over time) in
concrete between the pozzolan materials (expanded perlite and expanded vermiculite)
and calcium hydroxide, Ca (OH)2 in the presence of water. This resulted in a compound
of hydrated calcium silicate, CSH that has cementitious properties, and was responsible
to increase the later age compressive strength (56 days). The degree of pozzolanic
activity was increased with the high percentages of silica (SiO2) and alumina (Al2O3) in
both the expanded perlite and expanded vermiculite. It can be clearly observed that the
expanded perlite used in this study has a total content of SiO2 + Al2O3 of 88% by weight
(Table 3-1), and the expanded vermiculite has a total content of SiO2 + Al2O3 of 54%
by weight (Table 3-1). A similar discussion was also reported by Yu et al. (2003) and
Koksal et al. (2015).
3.4.2

Compressive Stress-Strain Behaviour

Typical axial compressive stress-strain behaviour of Mix R, Mix P and Mix V are shown
in Figure 3-11. The experimental compressive moduli of elasticity of Mix R, Mix P and
Mix V at the age of 28-day were 28.0 GPa, 21.0 GPa and 20.0 GPa, respectively (Table
3-9). It can be clearly noticed that experimental compressive moduli of elasticity for
each of Mix P and Mix V were less than the experimental compressive modulus of
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elasticity of Mix R by 25.0% and 28.6%, respectively (Table 3-9). This reduction in the
compressive modulus of elasticity can be attributed to the fact that Mix P and Mix V
exhibited a compressive strain at early stress levels higher than the compressive strain
exhibited by Mix R (Figure 3-11). The compressive modulus of elasticity of Mix V was
about 5% less than the compressive modulus of elasticity of Mix P because the
compressive strength at 28 days of Mix P was about 12.5% higher than Mix V (Table
3-8).
To verify the results of the experimental compressive modulus of elasticity, an analytical
calculation for the compressive modulus of elasticity was conducted using Equation 3.4
(AS 3600, 2009).
𝐸 = 𝜌1.5 × 0.043 × √𝑓′𝑐

(3.4)

where 𝐸 is the compressive modulus of elasticity of a concrete cylinder (GPa), 𝜌 is the
average bulk density of a concrete cylinder at 28-day (kg/m3) and 𝑓′𝑐 is the compressive
strength of a concrete cylinder at 28-day (MPa).
Table 3-8 Compressive strength and bulk density of concrete cylinders

Mix

R

P

V

3

7

Average
bulk
density
(kg/m3)
2345

3

28

2400

36.0

1.0

3

56

2340

43.0

1.2

3

7

1920

28.0

0.8

3

28

1910

36.0

1.0

3

56

1895

50.0

1.4

3

7

2197

25.5

0.8

3

28

2120

32.0

1.0

3

56

2100

45.0

1.4

Number
Age
of
(days)
specimens

Average
compressive
strength
(MPa)
29.0

Normalized
compressive
strength to the age
of 28-day
0.8

Based on the results obtained from Equation 3.4, the analytical moduli of elasticity of
Mix R, Mix P and Mix V were 30.3 GPa, 21.5 GPa and 23.7 GPa, respectively (Table
3-9). The analytical compressive moduli of elasticity of Mix R, Mix P and Mix V were
about 108%, 102% and 118%, respectively relative to their experimental compressive
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moduli of elasticity (Table 3-9). In general, based on extensive experimental data, the
AS 3600 (2009) stated that a variation between the analytical and experimental
compressive modulus of elasticity to about ±20% can occur.
3.4.3

Flexural Strength

Flexural strength of all mixes is reported in Table 3-9. Referring to Table 3-9, the
experimental flexural strength of Mix R, Mix P and Mix V were 3.1 MPa, 2.5 MPa and
2.4 MPa, respectively (Table 3-9). Although the average compressive strength of Mix
R at 28-day was similar to the average compressive strength of Mix P, the experimental
flexural strength of Mix P was about 19% less than the average flexural strength of Mix
R (Table 3-9). This was because the ACI 318 (2005) stated that the concrete containing
lightweight aggregates can produce a flexural strength of about 75% less than normal
weight concrete when comparisons are made for similar compressive strength. Mix V
produced an experimental flexural strength of about 29% and 5%, respectively less than
the experimental flexural strength of Mix R and Mix P (Table 3-9). This was because
the average compressive strength of Mix V at 28-day was about 11% and 11%,
respectively less than the compressive strength of Mix R and Mix P (Table 3-8).

Figure 3-11 Typical axial compressive stress- compressive strain behaviour of Mix R,
Mix P and Mix V
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3.4.4

Direct Tensile Strength

Figure 3-12 shows a typical axial tensile stress-tensile strain behaviour of Mix R, Mix
P and Mix V. Referring to Figure 3-12, Mix R, Mix P and Mix V showed a linear
behaviour from the zero load up to the peak tensile stress. Then, a brittle failure with no
warning prior to total collapse was observed. Figure 3-13 shows the concrete specimens
under direct tensile strength before and after failure. Referring to Figure 3-13, it can be
clearly seen that only one failure crack was noticed in the mid-length of a concrete
specimen. No claw slippage with an adequate alignment at the ends of a specimen was
observed. Therefore, this type of failure was very accurate and considered as a desired
failure.
The experimental average direct tensile strength of Mix R, Mix P and Mix V were 2.4
MPa, 1.8 MPa and 1.7 MPa, respectively (Table 3-9). Although the average compressive
strength at 28-day of Mix R was similar to Mix P (Table 3-8), the corresponding
experimental direct tensile strength of Mix P was less than the experimental direct
tensile strength of Mix R by 25% (Table 3-9). This can be attributed to the fact that the
ACI-213R (2003) stated that the moisture loss progress at a slow rate in the interior
zones of lightweight concrete can result in a slow development in the tensile stress
resistance and this can lead to producing a tensile strength for lightweight weight
concrete less than the tensile strength of normal weight concrete when comparisons are
made at equal compressive strength (ACI-213R, 2003). Based on this, the ACI-213R
(2003) confirmed that the tensile strength of lightweight concrete can reach up to about
30% less than the tensile strength of normal weight concrete when comparisons are
made at equal compressive strength.
The experimental average direct tensile strength of Mix V was about 29% and 6%,
respectively less than the experimental average direct tensile strength of Mix R and Mix
P (Table 3-9). This can be attributed to the fact that the average compressive strength of
Mix V was about 11%, and 11% less than the average compressive strength of Mix R
and Mix P (Table 3-8).
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Figure 3-12 Typical axial tensile stress- strain behaviour of Mix R, Mix P and Mix
V
3.4.5 In-direct Tensile Strength
Figure 3-14 shows a typical failure mode of in-direct tensile test. Referring to Figure 314, the failure was noticed by propagating only one crack along the length of the cylinder
(through the 300 mm length of a cylinder). The width of this crack increased gradually
with increasing the applied load leading to the cylinder to fail as two separated parts
(Figure 3-14). The experimental average in-direct tensile strength of Mix R, Mix P and
Mix V were 2.5 MPa, 1.9 MPa and 1.8 MPa, respectively (Table 3-9). Although the
average compressive strength at 28-day of Mix R was similar to Mix P (Table 3-8), the
corresponding experimental average in-direct tensile strength of Mix P was less than the
experimental average in-direct tensile strength of Mix R by 24% (Table 3-9). As
mentioned in Section 3.4.4, the moisture loss progress at a slow rate in the interior zones
of lightweight concrete can result in a slow development in the tensile stress resistance;
and this led to producing a tensile strength of lightweight weight concrete of up to about
30% less than normal weight concrete when comparisons are made at equal compressive
strength (ACI-213R, 2003).
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The experimental average in-direct tensile strength of Mix V was about 28% and 5%,
respectively less than the experimental average in-direct tensile strength of Mix R (Table
3-9), because the average compressive strength of Mix R and Mix P was about 12.5%
and 12.5%, respectively higher than the average compressive strength of Mix V (Table
3-8). As a comparison between the direct and in-direct tensile strength, the experimental
results of the direct tensile strength of Mix R, Mix P and Mix V were about 4%, 5% and
6%, respectively less than experimental average in-direct tensile strength (Table 3-9).
This difference can be acceptable because the AS 3600 (2009) confirmed that the direct
tensile strength of concrete can reach about 90% of the in-direct tensile strength.

Figure 3-13 Direct tensile strength results for concrete before and after the failure
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Table 3-9 Summary of the mechanical test results
Type of test

Compressive
modulus of elasticity
(GPa)
Flexural strength
(MPa)
Direct tensile
strength (MPa)
Indirect tensile
strength (MPa)

Group

R
P
V
R
P
V
R
P
V
R
P
V

Specimen

1
28.0
20.0
21.0
3.1
2.6
2.4
2.4
1.7
1.7
2.5
2.0
1.8

2
29.0
21.0
19.0
3.0
2.4
2.5
2.5
1.8
1.8
2.4
1.8
1.9

Average
experimental
results
3
27.0
22.0
20.0
3.2
2.5
2.3
2.3
1.9
1.6
2.6
1.9
1.7

28.0
21.0
20.0
3.1
2.5
2.4
2.4
1.8
1.7
2.5
1.9
1.8

Figure 3-14 Typical failure mode for in-direct tensile test (Mix P)
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3.4.6

Thermal Conductivity

Thermal conductivity of all specimens is reported in Table 3-7. Thermal conductivity of
Specimen P-0, Specimen P-25 and Specimen P-38 were less than the thermal
conductivity of Specimen R-0, Specimen R-25, and Specimen R-38 by 46%, 39% and
39%, respectively (Table 3-7). This was because Specimen P-0, Specimen P-25 and
Specimen P-38 contained lightweight expanded perlite which has a very low thermal
conductivity (0.036 W/m.K) (Ausperl, 2015) (Table 3-1). Similarly, the thermal
conductivity of Specimen V-0, Specimen V-25 and Specimen V-38 were less than the
thermal conductivity of Specimen R-0, Specimen R-25 and Specimen R-38 by 30%,
17% and 17%, respectively (Table 3-7). This was also because Specimen V-0, Specimen
V-25 and Specimen V-38 contained lightweight expanded vermiculite which has a very
low thermal conductivity (0.062 W/m.K) (Ausperl, 2015) (Table 3-1) (Ausperl, 2015).
Because thermal conductivity of the expanded perlite (0.036 W/m.K) was about 42%
less than the thermal conductivity of the expanded vermiculite (0.062 W/m.K) (Table
3-1), the corresponding thermal conductivity of perlite concrete specimens (P-0, P-25
and P-38) was less than the thermal conductivity of vermiculite concrete specimens (V0, V-25 and V-38) by 23%, 27% and 26%, respectively (Table 3-7). Oktay et al. (2015)
also proved that aggregates with a lower thermal conductivity can produce concrete with
lower thermal conductivity.
Figure 3-15 shows thermal conductivity results and the corresponding bulk density of
all specimens. Referring to Figure 3-15, reducing the bulk density of concrete specimens
from 2400 kg/m3 to 1870 kg/m3 resulted in a reduction in the thermal conductivity of
concrete from 1.2 W/m.K to 0.53 W/m.K (reduction of about 56%). In the study
conducted by Oktay et al. (2015), it was confirmed that reducing bulk density of
concrete from 2350 kg/m3 to 1300 kg/m3 by adding expanded perlite to concrete led to
a reduction in the concrete thermal conductivity to about 79%. Schackow et al. (2014)
stated that concrete with a 65% volume of lightweight expanded vermiculite produced
a thermal conductivity of about 7 times less than the thermal conductivity of normal
weight concrete. The ACI 122R (2002) derived a model (Equation 3.5) which proved
that reducing concrete dry density to about 5% can lead to a corresponding reduction in
the concrete thermal conductivity to about 12%.

63

As a comparison between specimens with GFRP reinforcement and specimens without
GFRP reinforcement, the thermal conductivity of Specimen R-25 and Specimen R-38
was about 22% and 28%, respectively less than thermal conductivity of Specimen R-0.
Thermal conductivity of Specimen P-25 and Specimen P-38 was about 12% and 18%,
respectively less than thermal conductivity of Specimen P-0. Thermal conductivity of
Specimen V-25 and Specimen V-38 was about 7% and 14%, respectively less than
thermal conductivity of Specimen V-0 (Table 3-7). Based on the above results, it can be
clearly seen that specimens reinforced with moulded GFRP gratings provided a thermal
conductivity less than specimens without reinforcement. This can be attributed to the
fact that the isophthalic polyester resin used to produce the molded GFRP composite,
has a high fire resistance (American grating, 2015). This feature resulted in thermal
conductivity for specimens reinforced with molded GFRP gratings less than the
specimens without reinforcement.
Equation 3.5 predicted the thermal conductivity of Specimen R-0, Specimen P-0 and
Specimen V-0 (only the specimens without reinforcement) (ACI 122R, 2002). The
reason of using Equation 3.5 only for Specimen R-0, Specimen P-0 and Specimen V-0
was because the remaining specimens (R-25, R-38, P-25, P-38, V-25 and V-38) were
reinforced with moulded GFRP grating and Equation 3.5 was proposed to be only used
for concrete specimens without reinforcement.
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (𝑘𝑐 ) = 0.072 𝑒𝑥𝑝0.00125 𝑑

(3.5)

where 𝑑 is the oven dry density of concrete (kg/m3) and 𝑘𝑐 is the thermal conductivity
of concrete (W/m.K). The analytical thermal conductivity of Specimen R-0, Specimen
P-0 and Specimen V-0 showed an overestimation of about 3%, 16% and 10%,
respectively compared to their experimental thermal conductivity (Table 3-7).

64

Figure 3-15 Thermal conductivity test results versus the bulk density of the specimens
tested in HFM instrument.

3.5 Summary
In this chapter, two optimum concrete mixes namely perlite concrete and vermiculite
concrete were constructed from a total of eighteen trial mixes. Mechanical properties
and thermal conductivity of these two mixes (perlite concrete and vermiculite concrete)
were compared with normal weight concrete (reference concrete). In addition, the
influence of a new type of reinforcement (moulded GFRP grating mesh) on thermal
conductivity of the three types of concrete (reference concrete, perlite concrete and
vermiculite concrete) was investigated. From the results presented in this chapter, the
following main points were obtained:
1. The use of expanded perlite and expanded vermiculite as a replacement to the fine
aggregate and coarse aggregate at different mix proportions led to a reduction in the
average bulk density of concrete from 12% to 50% compared to the average bulk
density of the reference concrete
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2. Perlite concrete produced a compressive strength similar to the compressive strength
of the reference concrete with a corresponding bulk density of 20% less than the
reference concrete
3. Vermiculite concrete produced a compressive strength slightly less than the reference
concrete with a corresponding bulk density of 12% less than the reference concrete
4. Perlite concrete and vermiuclite concrete provided an increment in the later age
compressive strength (56-day) higher than the increment produced by the reference
concrete.
5. Perlite concrete and vermiculite concrete produced a thermal conductivity of about
46% and 30%, respectively less than the thermal conductivity of the reference
concrete.
6. Reducing the bulk density of concrete specimens from 2350 kg/m3 to 1870 kg/m3
resulted in a reduction in the thermal conductivity of concrete from 1.2 W/m.K to
0.53 W/m.K (a reduction of about 56%).
7. The use of the moulded GFRP gratings as a reinforcement in concrete specimens led
to a reduction in the thermal conductivity of concrete from 7% to 28% compared to
specimens without reinforcement.
8. Based on the main points presented above, the perlite concrete and vermiculite
concrete provided good mechanical and thermal properties. Hence, these mixes
(perlite concrete and vermiculite concrete) can be used for structural purposes.
In Chapter 4, the tensile properties of longitudinal and transverse reinforcement used in
this study were examined at ambient conditions and after the exposure to the accelerated
alkaline solution to measure their corrosion resistance.
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4 Properties of Longitudinal and Transverse
Reinforcement
4.1 Introduction
This chapter is divided into two main sections. In the first main section, the tensile
properties of all longitudinal and transverse reinforcement used in this study were tested
at ambient conditions.
In the second main section, the longitudinal and transverse reinforcement were
immersed in alkaline solution with a temperature of 63ᵒ C and tested under direct tensile
after immersion periods of 30-day, 60-day and 180-day, respectively. The tensile
properties of reinforcement after each immersion period were compared with the tensile
properties at ambient conditions.

4.2 Properties of Reinforcement at Ambient Conditions
In this section, five types of reinforcement were tested under tensile stress which
included steel bars, moulded glass-fibre reinforced polymer (GFRP) gratings, pultruded
glass-fibre reinforced polymer (GFRP) gratings, glass-fibre reinforced polymer (GFRP)
bars and carbon-fibre reinforced polymer (CFRP) coupons. A new steel anchor was
manufactured and used to grip the ends of moulded and pultruded GFRP grating samples
during the tensile test. This section also presented the manufacturing process of the
innovative SCCFRP stirrups.
4.2.1

Tensile Properties of Steel Bars

Nine steel bars with a length of 500 mm were cut, prepared and tested under tensile
stress based on AS 1391 (2007). These included three 12 mm diameter deformed steel
bars (N12), three 10 mm diameter deformed steel bars (N10), and three 6 mm diameter
plain rounded steel bars (R6). Two strain gauges Type BX120-5AA (9.4 mm in length)
(Hycsyq, 2017) were attached at the mid-height of each bar to measure the tensile strain.
Referring to Figure 4-1, Bar N12 and Bar R6 showed linear elastic behaviour up to the
yield point following by a plastic behaviour with a clear transition point from elastic to
plastic behaviour. Afterwards, a strain hardening behaviour occurred prior to the steel
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bar rupture. The tensile yield stress was equal to 586 MPa for Bar N12 and 556 MPa for
Bar R6 (Table 4.1). Bar N10 showed elastic behaviour followed by a strain hardening
behaviour prior to steel bar rupture with no clear transition point from elastic to plastic
behaviour (no clear yield point) (Figure 4-1). Therefore, the average tensile yield stress
for Bar N10 was obtained using the 0.2% offset method. The average tensile yield stress
of Bar N10 was found to be 510 MPa (Table 4.1).

Figure 4-1 Typical axial tensile stress-axial tensile strain behaviour of steel bars
4.2.2

Moulded GFRP Gratings and Pultruded GFRP Gratings

Moulded GFRP grating is a composite material which is manufactured by combining a
35% by weight of glass-fibres and a 65% by weight of the isophthalic polyester resin
(American grating, 2015). In addition, pultruded GFRP grating is a composite material
with a percentage of glass-fibre of 41% by weight and a percentage of the isophthalic
polyester resin of 59% by weight (American grating, 2015). Figure 4-2 (a and b) shows
moulded and pultruded GFRP gratings tested in this study. The moulded GFRP grating
has a rectangular cross-sectional shape with similar tensile properties in both directions
(Figure 4-2(a)), while the pultruded GFRP grating has either I-cross sectional shape or
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T-cross sectional shape and its tensile properties in the longitudinal direction is higher
than the transverse direction (Figure 4-2(b)) (American grating, 2015). In this study,
moulded GFRP grating and pultruded GFRP grating with different cross-sectional
shapes were prepared and tested. These reinforcements included: 25 mm overall depth
moulded GFRP gratings (MG-25), 38 mm overall depth moulded GFRP gratings (MG38), 38 mm I-section pultruded GFRP gratings (PGI-38) and 38 mm T-section pultruded
GFRP gratings (PGT-38). In general, no specific standards can be found for testing
moulded GFRP grating and pultruded GFRP grating under direct tensile test. Therefore,
in this study, a new steel anchor was designed and fabricated to grip the ends of a GFRP
grating sample in the tensile testing machine.
Table 4-1 Properties of the reinforcement

Material

N12
N10
R6
#2
MG-25
MG-38
PGI-38
PGT-38
CFRP
sheet

Average
tensile
yield stress
(MPa)

Average
Average
tensile
tensile yield
strength
strain (%)
(MPa)

Average
tensile
rupture
strain (%)

586
510*
556
-

0.31
0.29*
0.27
-

-

-

975
190
275
315
361

1.8
1.3
1.7
1.3
1.3

Average
tensile
modulus of
elasticity
(GPa)
190
203
211
54
15
16
24
28

-

-

1125

1.4

80

* Determined by the 0.2% offset method

4.2.2.1 Details of Steel Anchor Used for GFRP Grating Tensile Test
A steel anchor was designed and fabricated by connecting two steel angles. Each steel
angle was constructed with a 20 mm thickness, 130 mm length of a long leg and 70 mm
length of short leg (Figure 4-3(a)). Inside the short leg of each angle, three steel strips
with the cross-sectional dimensions of 5 mm × 5 mm and overall length of 20 mm were
welded (Figure 4-3(a)). The purpose of welding the steel strips was to improve the bond
between the expansive cement mortar (Bristar 100) (Silentech, 2017) and the anchor
(prevent slippage failure). A steel plate with a 20 mm thickness, 90 mm width and 130
mm height was welded to one of the steel angle (Figure 4-3(b)). At the back centre of
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the steel plate, a circular steel nut with a 20 mm diameter and a 60 mm length was
welded (Figure 4-3(c)). The steel plate has a hole located in the top corner (Figure 43(b)). In addition to this hole in the top corner, eight holes with 80 mm centre to centre
spacing were drilled at each angle (Figure 4-3(c)). The purpose of making these holes
was to connect the steel angle and its welded plate to another steel angle (without steel
plate) by 9M10 × 30 mm bolts to construct the steel anchor (Figure 4-3(d)). The inside
cross-sectional dimensions of the steel anchor were 50 mm × 90 mm (Figure 4-3(d)). A
universal joint was connected to the steel anchor by using a circular steel bolt. The
universal joint was used to connect the anchor to the testing machine. Figure 4-4 shows
details of the anchor with the universal joint and a GFRP sample. The total length of the
universal joint was 360 mm (Figure 4-4(a)). The clear length of each anchor was 300
mm (Figure 4-3(c)). The constructed steel anchor and the universal joint are shown in
Figure 4-4(b).

Figure 4-2 Moulded GFRP grating and pultruded GFRP grating
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Figure 4-3 Details of constructing the steel anchor (all dimensions in mm)

4.2.2.2 Gripping Ends of GFRP Samples inside Anchors and Test Set-up
A total of 12 GFRP grating samples were cut with a length of 750 mm and prepared for
the tensile test. The 12 GFRP grating samples included three samples for MG-25; three
samples for MG-38; three samples for PGI-38 and the remaining three samples for PGT38. The gripping length was 300 mm and the clear length between anchors was 150 mm
(Figure 4-4(a)).
The procedure of gripping the ends of each GFRP sample to the anchors was conducted
using two steps. In the first step, the anchor was placed over a steel ring to create a
horizontal level for the anchor (Figure 4-5(a)). Then, a plastic cap fitting the crosssectional dimensions of each GFRP sample was placed at the bottom base of the steel
anchor (Figure 4-4(a)). The plastic cap was used to ensure that the GFRP sample placed
in the centre of the cross-section of the anchor from the bottom. In addition, a steel
clamp was used to control the GFRP sample from the top (Figure 4-5(a)). The purpose
of using the steel clamp was to ensure that the GFRP sample was located at the centre
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of the cross-section of the anchor from the top. In the second step, an expansive cement
(Bristar 100) (Silentech, 2017) was mixed with water (water to expansive cement ratio
of 1:4). The expansive cement mortar filled the anchor and left for one day to harden.
In the following day, the next end of the GFRP sample was cast inside another anchor
using the two steps mentioned above. For each GFRP sample, two strain gauges Type
BX120-5AA (9.4 mm in length) (Hycsyq, 2017) were attached at the mid-height of a
GFRP sample to measure the tensile strain. After this, the GFRP sample was set-up in
the tensile testing machine that has a maximum load of 500 kN (Figure 4-5(b)). The
tensile test was conducted at the School of Civil, Mining and Environmental
Engineering, University of Wollongong, Australia.

Figure 4-4 Details of the anchor with the universal joint and a GFRP sample
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Figure 4-5 Details of GFRP samples preparation and test set-up
4.2.2.3 Tensile Properties of the GFRP Grating Samples
The typical failure mode for all GFRP grating samples is shown in Figure 4-6. It was
noticed that the failure of all GFRP grating samples occurred at the mid-height of the
GFRP samples (Figure 4-6). In addition, good alignment and no slippage failure at
gripping sides occurred during the test. Based on this, it can be confirmed the
effectiveness of using the proposed steel anchors for the tensile test. In addition, the
design method of the proposed steel anchor allowed using each anchor multiple times
for the tensile test and this can reduce the cost of the test.
Tensile test results of the moulded GFRP gratings and pultruded GFRP gratings are
reported in Table 4.1 and Figure 4-7. Referring to Table 4.1 and Figure 4-7, the average
tensile strengths of Sample MG-25, Sample MG-38, Sample PGI-38 and Sample PGT38 were 190 MPa, 275 MPa, 315 MPa and 361 MPa, respectively. In addition, the
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average tensile modulus of elasticity of Sample MG-25, Sample MG-38, Sample PGI38 and Sample PGT38 were 15 GPa, 16 GPa, 24 GPa and 28 GPa, respectively (Table
4.1). Referring to Figure 4-7, the four types of GFRP gratings (MG-25, MG-38, PGI-38
and PGT-38) showed linear behaviour up to the maximum stress. Then, a sudden failure
with no warning prior to failure was observed because of their low tensile modulus of
elasticity.

Figure 4-6 Typical failure mode for the GFRP grating samples
4.2.3

Tensile Properties of GFRP Bars

GFRP bars with a diameter of 6.35 mm (#2) was supplied by V-rod (2017) and tested
under tensile stress. The tensile stress test of Bar #2 was conducted based on the ASTM
D7205 (2011). For this test, two cylindrical steel anchors with 16 mm inner diameter
and 26 mm outer diameter were filled with expansive cement mortar (Bristar 100)
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(Silentech, 2017) (water to expansive cement ratio of 1:4) to grip the ends of the GFRP
bars (Figure 4-8). The length of each of these steel anchors was 300 mm (Figure 4-8).

Figure 4-7 Typical axial tensile stress-axial tensile strain of the GFRP grating
samples
Four PVC caps with central hole fitting the GFRP bar were placed at the top and bottom
ends of each anchor (Figure 4-8). The PVC caps were used to ensure that the ends of the
GFRP bar were located in the centre of the inner diameter of the cylindrical steel anchor
to provide a clear mortar cover of 4.8 mm (Figure 4-8). A total of three GFRP samples
for Bar #2 with a length of 900 mm were prepared and tested in the tensile testing
machine that has a maximum load of 500 kN. For each GFRP bar sample, two strain
gauges Type BX120-5AA (9.4 mm in length) (Hycsyq, 2017) was placed at the midheight of a GFRP bar to measure the tensile strain within different stress levels. The
average tensile test results are reported in Table 4.1. The average tensile strength and
the average tensile modulus of elasticity of Bar #2 were 975 MPa and 54 GPa,
respectively (Table 4.1).
4.2.4

Manufacturing Process and Tensile Properties of an Innovative Stirrup
(SCCFRP)

In this study, an innovative stirrup was proposed and manufactured. The proposed
innovative stirrup was named sand coated carbon-fibre reinforced polymer (SCCFRP).
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Figure 4-8 Preparation of Bar #2 for direct tensile test
The materials used to construct the SCCFRP stirrups were carbon-fibre sheets, neat
epoxy and sand with a maximum aggregate size of 4 mm [Figure 4-9(a)]. The main
reason for using sand was to create a rough surface for stirrup legs and hence the degree
of the bond between stirrup legs and concrete can be increased. The process of
manufacturing each SCCFRP stirrup was conducted based on four steps. In the first step,
a sheet of carbon-fibre with a width of 100 mm and a length of 1200 mm was
impregnated with a neat epoxy [Figure 4-9(a)]. For each stirrup, an amount of neat
epoxy of 180 g was prepared by mixing a 150 g of epoxy resin (west system 105 Part 1)
and a 30 g of hardener (west system 206 slow Part 2) (Classic boat supplies, 2017); This
corresponded to a ratio of hardener to epoxy resin of 0.2 by weight. In the second step,
the impregnated carbon-fibre sheet was folded along its longitudinal axis. This led to
the construction of two layers of impregnated carbon-fibre sheet with a width reduced
from 100 mm to 50 mm [Figure 4-9(b)]. In the third step, the sand was also impregnated
with neat epoxy and smeared on both faces over the length of the impregnated carbonfibre sheet [Figure 4-9(c)]. In the fourth step, the constructed SCCFRP sheet was
wrapped twice around a plywood mould to construct the SCCFRP stirrup [Figure 410(a)].
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Figure 4-9 Process of preparing the sand coated CFRP sheet
The plywood mould was initially wrapped by a plastic sheet before wrapping the
SCCFRP sheet to avoid the SCCFRP sheet sticking to the plywood during the
construction of the stirrup [Figure 4-10(a)]. The rectangular plywood mould was
constructed with an outer cross-sectional dimension of 120 mm × 170 mm and an overall
length of 1200 mm. The proposed SCCFRP stirrups were left to cure in the mould for
two-day. Then, they were taken out of the mould to be used as shear reinforcement
[Figure 4-10(b)]. Each constructed SCCFRP stirrup has a rectangular cross-sectional
shape with a width of 50 mm and an overall thickness of 5 mm. The effective crosssectional area of the SCCFRP stirrups was 90 mm2 which was calculated by multiplying
the width of the stirrup (50 mm) by the total thickness of the carbon-fibre sheet (total
thickness of four layers of carbon-fibre sheet was equal to 1.8 mm). Thickness of each
layer of carbon-fibre sheet was 0.45 mm. The thickness of carbon-fibre sheet and the
width of SCCFRP stirrup were measured using digital Vernier. In general, the proposed
stirrups can be formed at any shape and configuration by selecting appropriate
dimensions for the mould.
The tensile properties of the CFRP coupons were measured based on the ASTM D3039
(2000). Five coupons of 25 mm width and 250 mm length were prepared and tested
under direct tensile stress. The ends for each CFRP coupon were gripped using four
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pieces of aluminium of 25 mm width and 60 mm length to prevent premature failure
during the test (stress concentration) (Figure 4-11). The average tensile strength and
average tensile modulus of elasticity of the CFRP coupons were 1125 MPa and 80 GPa,
respectively (Table 4.1).

Figure 4-10 Manufacturing process of the SCCFRP stirrups

Figure 4-11 Preparation of CFRP coupons for the direct tensile test (All dimensions
in mm)
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4.3 Tensile Properties of the Reinforcement after the Immersion in
Alkaline Solution
In this section, tensile properties and mass change ratio of the reinforcement used in this
study were examined after the exposure to the alkaline solution. These reinforcements
included steel bars, moulded GFRP grating, pultruded GFRP grating and the CFRP
coupons. The alkaline solution was prepared based on the ACI 440.3R (2004) with a pH
value of 13 and a solution temperature of 63ᵒ C. The glass transition temperature of the
investigated GFRP (Tg) are equal to 100 °C (American grating, 2015). Hence, the
alkaline temperature cannot affect the properties of the materials but only accelerate the
aging. The immersion of the reinforcement in the alkaline solution was done in a total
period of 360-day based on two stages. In the first stage, the FRP composites (moulded
GFRP grating, pultruded GFRP grating and the CFRP coupons) were initially immersed
in the alkaline solution and tested under direct tensile after the periods of 30-day, 60day and 180-day. In the second stage, the steel bars were then immersed in the alkaline
solution and tested under tensile after the immersion periods of 30-day, 60-day and 180day.
4.3.1

Preparation of Alkaline Solution and Details of Curing Tank

The alkaline solution was prepared by dissolving a 118.5 g Ca (OH)2, 4.2 g KOH and
0.9 g NaOH for every one litre of deionized water (ACI 440.3R, 2004). A circular crosssectional stainless steel tank was designed and constructed for the alkaline solution
(Figure 4-12(a and b)). The stainless steel tank was constructed with an inside diameter
of 300 mm and a clear height of 1000 mm (Figure 4-12(a and b)). The stainless steel
tank has two holes located on the top and bottom side of the tank (Figure 4-12(a)). The
bottom hole was connected to a pump (type CR2) (Grundfos, 2017) through a plastic
pipe in the bottom, and the top hole was also connected to the same pump using another
plastic pipe in the top, as shown in Figure 4-12(a). The main task for the pump was to
circulate the alkaline solution from the bottom hole to the top hole in the tank to dissolve
the chemicals completely in the deionized water. Universal indicator papers were used
to measure the pH value of the alkaline solution every day (Figure 4-13). Heating
element with temperature controller (314 stainless steel 240 V) (Mashtobrew, 2016) was
placed underneath the tank to keep the solution temperature constant (63ᵒ C), as shown
in Figure 4-12(a).
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Figure 4-12 Preparation of the curing tank used for alkaline solution

Figure 4-13 Electronic thermometer and universal indicator papers
To provide a significant control to the solution temperature, three layers of insulation
wool were wrapped around the curing tank, as shown in Figure 4-12(a and b). An
electronic thermometer (type BBQ buddy) was used to measure the solution temperature
every day (Figure 4-13). The curing tank was covered from the top by a steel cap during
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specimen’s immersion to prevent solution evaporation, as shown in Figure 4-12(a). The
tank and pump used for the corrosive environment are shown in Figure 4-14. The test
was conducted at the School of Civil, Mining and Environmental Engineering,
University of Wollongong, Australia.

Figure 4-14 Tank used for corrosive environment

4.3.2

Preparation of FRP Composites and Test Set-up

A total of 36 GFRP grating samples were cut with a length of 750 mm and prepared for
the immersion in the alkaline solution. The 36 GFRP grating samples included 9 samples
for MG-25, 9 samples for MG-38, 9 samples for PGI-38 and 9 samples for PGT-38
(Table 4.2). The 9 samples for each type of GFRP grating included three samples tested
after 30-day immersion in the alkaline solution, three samples tested after 60-day
immersion in the alkaline solution and the remaining three samples tested after 180-day
immersion in the alkaline solution (Table 4.2). Before the immersion in the alkaline
solution, the ends of each GFRP grating sample with a length of 300 mm were coated
with neat epoxy and left to harden for one day. Coating the ends of each GFRP grating
sample before the immersion in the alkaline solution was conducted because the
gripping ends of each GFRP grating samples can be extremely protected from the effect
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of the alkaline solution and to prevent the premature failure in the gripping ends during
the tensile test after each immersion period. The details of the preparation of neat epoxy
can be found in Section 4.2.4 of this chapter. After the end of each immersion period,
the GFRP grating samples were taken out of the tank, cleaned by water and left to dry
for one hour. Then, each GFRP grating sample was gripped into the anchors and set-up
in the testing machine to prepare for the tensile test. Details of gripping the sides for
each GFRP sample into the anchors and the test set-up can be found in Section 4.2.2.2
of this chapter. The GFRP grating samples were labelled in three parts (Table 4.2). The
first part represented the type of GFRP grating including moulded GFRP grating (MG),
I-section pultruded GFRP grating (PGI) and T-section pultruded GFRP grating (PGT)
(Table 4-2). The second part represented the overall depth of the GFRP gratings (25 mm
and 38 mm) (Table 4.2). The third part referred to the immersion period in the alkaline
solution (0-day, 30-day, 60-day and 180-day) (Table 4.2). For example, Sample MG25-30 represented moulded GFRP grating with a 25 mm overall depth and a 30-day
immersion in the alkaline solution (Table 4.2).
For the CFRP coupons, a total of 15 coupons with 25 mm width and 250 mm length
were prepared for the tensile test. The 15 coupons included 5 coupons tested after 30day immersion in the alkaline solution, 5 coupons tested after 60-day immersion in the
alkaline solution and 5 coupons tested after 180-day immersion in the alkaline solution
(Table 4.2). After the end of each immersion period, two pieces of aluminium with a
width of 25 mm and a length of 60 mm were connected to each end of CFRP coupon to
reduce stress concentration on gripping sides during the tensile test (Figure 4-11).
Details of gripping the ends of each CFRP copouns and the test set-up were precisely
explained in Section 4.2.4 of this chapter. The CFRP coupons were labelled in two parts
which included the type of composite as a first part and the immersion time (0-day, 30day, 60-day and 180-day) as a second part. For example, CFRP-30 represented CFRP
coupons after 30-day immersion in the alkaline solution (Table 4.2).
4.3.3

Preparation of Steel Bars and Test Set-up

A total of 18 steel bar samples were cut with a length of 500 mm and prepared for the
immersion in the alkaline solution. The 18 steel bar included nine samples for Bar N12
and nine samples for Bar N10. For each type of steel bar sample (N10 and N12), three
samples tested after 30-day immersion in the alkaline solution, three samples tested after
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60-day immersion in the alkaline solution and three samples tested after 180-day
immersion in the alkaline solution. Before the immersion in the alkaline solution, the
ends of each steel bar sample with a length of 80 mm were coated with neat epoxy and
left to harden for one day. This was done because the gripping ends of each steel bar
sample can be protected from the effect of alkaline solution and to prevent the premature
failure in the gripping ends during the tensile test after the end of each immersion period.
The preparation of the neat epoxy was explained in Section 4.2.4 of this chapter. After
the end of each immersion period, the steel bar samples were taken out of the tank,
cleaned by water and left to dry for one hour. Then, each steel bar was set-up in the
testing machine and prepared for the test. The details of the test set-up of the steel bars
can be found in Section 4.2.1 of this chapter. The steel bars were labelled in two parts.
The first part represented the type and diameter of the steel bar, and the second part
referred to the immersion period. For example, N10-30 represented a deformed steel bar
with 10 mm diameter and 30-day immersion in the alkaline solution (Table 4-2).
4.3.4

Tensile Properties of FRP Composites after the immersion in alkaline solution

For all GFRP grating samples (MG-25-30, MG-25-60, MG-25-180, MG-38-30, MG38-60, MG-38-180, PGI-38-30, PGI-38-60, PGI-38-180, PGT-38-30, PGT-38-60 and
PGT-38-180), it was noticed that no reduction in the tensile modulus of elasticity
occurred after 30-day, 60-day and 180-day immersion in the alkaline solution (Table
4.2, Figure 4-15, Figure 4-16 and Figure 4-17). However, it was noticed that there was
a clear tensile strength degradation with increasing the immersion period in the alkaline
solution. Figure 4-18 shows the average tensile strength degradation of GFRP grating
after 30-day, 60-day and 180-day immersion in the alkaline solution. The average tensile
strength of Sample MG-25-30, Sample MG-25-60 and Sample MG-25-180 was about
99%, 95% and 75%, respectively of their average tensile strength before the immersion
in the alkaline solution (Sample MG-25-0) (Table 4.2 and Figure 4-18). The average
tensile strength of Sample MG-38-30, Sample MG-38-60 and Sample MG-38-180 was
about 100%, 94% and 76%, respectively of their average tensile strength before the
immersion in the alkaline solution (Sample MG-38-0) (Table 4.2 and Figure 4-18). The
average tensile strength of Sample PGI-38-30, Sample PGI-38-60 and Sample PGI-38180 was about 99%, 96% and 79%, respectively of their average tensile strength before
the immersion in the alkaline solution (Sample PGI-38-0) (Table 4.2 and Figure 4-18).
The average tensile strength of Sample PGT-38-30, Sample PGT-38-60 and Sample
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PGT-38-180 was about 99%, 95% and 78%, respectively of their average tensile
strength before the immersion in the alkaline solution (Sample PGT-38-0) (Table 4.2
and Figure 4-18).

Figure 4-15 Axial tensile stress-axial tensile strain curve of GFRP grating samples after
30-day immersion in the alkaline solution
Based on the results presented above, the highest degradation in the average tensile
strength occurred after 180-day immersion in the alkaline solution (the reduction ranged
from 21% to 25% of the tensile strength before immersion). To explain the mechanism
of the degradation in the average tensile strength, the high temperature of the alkaline
solution was a reason for damaging the polymer matrix resin. This led to the alkaline
solution to penetrate through the resin and became in-direct contact with the glass-fibres.
Hence, the hydroxyl-ions (OH − ) in the alkaline solution reacted with the Si-O-Si bond,
and this damaged the backbone of glass-fibre molecules through breaking Si-O-Si bond
in the glass-fibre to form a dissolvable solution. Damaging the backbone of glass-fibres
resulted in a series of longitudinal cracks, peeling off, etching and pits on the surface of
the GFRP composites which led to reducing the average tensile strength with increasing
the immersion periods in the alkaline solution (Figure 4-19). Similar discussion
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regarding the tensile strength degradation of GFRP composites after the exposure to the
alkaline solution was also reported by Zhu et al. (2011).

Figure 4-16 Axial tensile stress-axial tensile strain curve of GFRP grating samples after
60-day immersion in the alkaline solution
Regarding the surface appearance, no obvious change in the surface appearance or the
surface colour for all four types of GFRP samples (MG-R-25, MG-R-38, PG-I-38 and
PG-T-38) were observed after the immersion time of 30-day and 60-day in the alkaline
solution. However, it was noticed that clear surface damage and black spots on the
surface were observed after180-day immersion in the alkaline solution, as shown in
Figure 4-19. To explain the mechanism of changing the surface appearance after 180day immersion in the alkaline solution, the high temperature of the alkaline solution was
a reason for damaging the polymer matrix resin, and hence changing the surface colour
of the GFRP grating samples with increasing immersion time. To provide more
explanation, the type of polymer matrix resins used to produce GFRP gratings reflected
the surface colour of GFRP composite (American grating, 2015). Therefore, changing
the surface colour of the GFRP grating sample was inevitably evidence for damaging
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the polymer matrix of the GFRP grating samples (Figure 4-19). This led to creating a
series of longitudinal cracks, peeling off, etching and pits on the surface of the GFRP
composites and hence changing the surface appearance with increasing immersion
period (Figure 4-19). Similar discussion about damaging the surface appearance of
GFRP composites after the immersion in the alkaline solution was also reported by Zhu
et al. (2011)

Figure 4-17 Axial tensile stress-axial tensile strain curve of GFRP grating samples
after 180-day immersion in the alkaline solution
It can be noticed that no change in the average tensile moduli of elasticity of Sample
CFRP-30, Sample CFRP-60 and Sample CFRP-180 was noticed before and after the
immersion in alkaline solution (Table 4-2). A very slight degradation in the average
tensile strength of CFRP coupons was observed after 30-day (CFRP-30) and 60-day
(CFRP-60) immersion in the alkaline solution (only 1%) (Table 4.2 Figure 4-18).
Additionally, only 10% degradation in the average tensile strength for CFRP coupons
was observed after 180-day (CFRP-180) immersion in the alkaline solution (Table 4.2
and Figure 4-18). Similar results about tensile strength degradation of the CFRP
coupons (only 10%) was also reported and discussed by Shi et al. (2015) and Karbhari
et al. (2003). The CFRP coupons produced resistance to the alkaline solution higher than
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the GFRP gratings because the neat epoxy resin (polymer matrix) in CFRP coupons
resisted the penetration of the alkaline solution more than the polyester resin in the
GFRP gratings. The neat epoxy resin was classified as a high durable material (D1)
while the polyester resin was classified as a moderately durable material (D2) (CSAS807, 2015). In addition, the CSA-S807 (2015) stated that the maximum degradation in
the average tensile strength of CFRP composites after 90-day exposure to the alkaline
solution can be about 20% of the tensile strength before immersion.

Figure 4-18 Normalized tensile strength after 30-day, 60-day and 180-day immersion
in the alkaline solution
4.3.5

Tensile Strength Degradation of Steel Bars

The tensile stress-tensile strain curves of steel bars after 30-day, 60-day and 180-day
immersion in the alkaline solution are shown in Figure 4-21, Figure 4-22 and Figure 423, respectively. It was noticed that no reduction in the tensile modulus of elasticity for
all steel bar samples occurred after 30-day, 60-day and 180-day immersion in the
alkaline solution (Table 4.2, Figure 4-21, Figure 4-22 and Figure 4-23). However, it was
noticed that there was a clear degradation in the tensile yield stress with increasing the
immersion period in the alkaline solution. The average tensile yield stresses of Bar N1087

30, Bar N10-60 and Bar N10-180 were about 93%, 85% and 65%, respectively of their
average tensile yield stresses before the immersion in the alkaline solution (Bar N10-0)
(Table 4.2, Figure 4-21, Figure 4-22 and Figure 4-23). In addition, the average tensile
yield stresses of Bar N12-30, Bar N-12-60 and Bar N12-180 were about 94%, 87% and
69%, respectively of their average tensile yield stresses before the immersion in the
alkaline solution (Bar N12-0) (Table 4.2 Figure 4-21, Figure 4-22 and Figure 4-23).
Table 4-2 Reinforcement before and after the immersion in the alkaline solution
Sample

Number of
samples

Exposure
time (days)

Average
tensile
strength
(MPa)
190
188
181
143
275
275
259
209
315
314
302
249
361
357
343
282
1250
1240
1235
1125
510*
474*
434*
332*
586*
550*
510*
404*

MG-25-0
3
0
MG-25-30
3
30
MG-25-60
3
60
MG-25-180
3
180
MG-38-0
3
0
MG-38-30
3
30
MG-38-60
3
60
MG-38-180
3
180
PGI-38-0
3
0
PGI-38-30
3
30
PGI-38-60
3
60
PGI-38-180
3
180
PGT-38-0
3
0
PGT-38-30
3
30
PGT-38-60
3
60
PGT-38-180
3
180
CFRP-0
5
0
CFRP-30
5
30
CFRP-60
5
60
CFRP-180
5
180
N10-0
3
0
N10-30
3
30
N10-60
3
60
N10-180
3
180
N12-0
3
0
N12-30
3
30
N12-60
3
60
N12-180
3
180
* average tensile yield stress of steel bars
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Normalized
tensile
strength)

Standard
deviation

1.00
0.99
0.95
0.75
1.00
1.00
0.94
0.76
1.00
0.99
0.96
0.79
1.00
0.99
0.95
0.78
1.00
0.99
0.99
0.90
1.00
0.93
0.85
0.65
1
0.94
0.87
0.69

1.3
2.0
1.6
1.9
1.2
1.9
1.5
1.8
1.1
1.8
1.4
1.8
1.4
1.7
1.5
1.8
2
2.3
1.9
2.1
1.5
1.3
1.4
1.2
1.4
1.6
1.2
1.4

Figure 4-19 Moulded GFRP grating and pultruded GFRP grating after 180-day
immersion in the alkaline solution
Based on the results reported above, the degradation in the average tensile yield stresses
of the steel bars after the exposure to the alkaline solution was due to the damaging of
the passive layer from the high temperature of the alkaline solution (63ᵒ C). This led to
the alkaline solution to be in-direct contact to the steel surface. Then, the 𝐹𝑒+ ions on the
steel surface reacted with the 𝑂𝐻 − ions in the alkaline solution to form iron oxide that
created cracks on the steel surface and accelerating the corrosion significantly. In other
words, the 𝐹𝑒+ ions on steel surface migrated through the alkaline solution to combine
with 𝑂𝐻 − to form 𝐹𝑒 𝑜𝐻. The hydroxide iron (𝐹𝑒 𝑜𝐻) can be reacted further especially
with the presence of dissolved oxygen in alkaline solution to create higher oxide, and
hence increasing steel corrosion (Figure 4-20). In-terms of the 6-month exposure to
alkaline solution, it can be concluded that Bar N12-180 and Bar N10-180 cannot be used
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in the design for concrete structures due to the huge reduction in the tensile strength
after 6-month immersion (up to 35%). The ACI 318 (2014) reported that the maximum
reduction in the tensile strength for steel bars can be taken as 0.9 for the considerations
of design purposes. Similar discussion about steel corrosion after the exposure to
alkaline solution with high temperature was also reported by Chen et al. (2014) and Pour
et al. (2009). To provide more explanation, Pour et al. (2009) proved that the corrosion
of steel bars were increased of up to 8 times when the temperature of alkaline solution
was increased from 9.8ᵒ C to 49.8ᵒ C. Poursaee (2016) also reported that the thickness of
the passive layer of the steel bars was decreased significantly (can be damaged easily)
when the temperature of the alkaline solution (alkaline solution with pH of 13.1) was
increased from room temperature to sever temperature (25ᵒ C, 50ᵒ C, 80ᵒ C, 200ᵒ C, 500ᵒ
C and 850ᵒ C, respectively) within an exposure period of one hour.

Figure 4-20 Steel bars after the exposure to alkaline solution in 1-month and 6month
The steel bars showed higher reduction in the tensile strength than the moulded and
pultruded GFRP gratings. This can be because the passive layer on the steel bar surface
can be easily damaged in the high temperature (63ᵒ C) with increasing immersion time.
This led to the alkaline solution to be in-direct contact to the steel surface. Then, the 𝐹𝑒+
ions on the steel surface reacted with the 𝑂𝐻 − ions in the alkaline solution to form iron
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oxide that created cracks on the steel surface and accelerating the corrosion significantly
(Figure 4-20). Similar discussions were also reported by Chen et al. (2014) and Pour et
al. (2009).
4.3.6

Mass Change Ratio for FRP Composites and Steel Bars

Mass change ratio after the immersion in the alkaline solution for all samples was
calculated using Equation 4.1 (ACI 440.3R 2004). The main reason for measuring the
mass change was to determine the amount of moisture penetration inside the samples
after the immersion in the alkaline solution.
𝑀𝑎𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 (%) = (𝑊1 − 𝑊0 )/𝑊0 ) × 100

(4.1)

Figure 4-24 shows the mass change ratio and the corresponding immersion time in the
alkaline solution for all samples. Sample MG-25-30, Sample MG-38-30, Sample PGI38-30 and Sample PGT-38-30 showed an average mass gain of 7%, 5%, 4% and 4%,
respectively (Figure 4-24). With increasing immersion time, Sample MG-25-60, Sample
MG-38-60, Sample PGI-38-60 and Sample PGT-38-60 showed further an average mass
gain of about 11%, 12%, 9% and 9%, respectively (Figure 4-24). In contrast, Sample
MG-25-180, Sample MG-38-180, Sample PGI-38-180 and Sample PGT-38-180
showed an average mass loss of 9%, 7%, 4% and 5%, respectively (Figure 4-24). The
gradual increase in the mass gain after 30-day and 60-day immersion in the alkaline
solution occurred due to the penetration of the alkaline solution inside the GFRP grating
samples. Then, after 180-day immersion in the alkaline solution, the hydroxyl-ions
(OH − ) in the alkaline solution damaged the backbone of glass-fibre molecules through
breaking Si-O-Si bond in the glass-fibre to form a dissolvable solution. This resulted in
a mass loss for both the polymer matrix and glass-fibres. The studies conducted by Zhu
et al. (2011) and Shi et al. (2015) also stated that a mass gain was observed for the GFRP
composites at early immersion time in the alkaline solution. Then, a mass loss occurred
at a later time immersion in alkaline solution due to the mass loss in both glass fibre and
polymer matrices.
For Samples CFRP-30 and CFRP-60, no change in the average mass occurred for CFRP
coupons (Figure 4-24), while Sample CFRP-180 showed a slight loss in the average
mass ratio (about 2%) (Figure 4-24). This can be attributed to the fact that the neat epoxy
has superior resistance against corrosion and can reduce the penetration of the alkaline
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solution into the fibres. This feature can reduce the moisture penetration inside the CFRP
coupons and hence reducing the mass loss.

Figure 4-21 Axial tensile stress-axial tensile strain curve of steel bars after 30-day
immersion in the alkaline solution

Figure 4-22 Axial tensile stress-axial tensile strain curve of steel bars after 60-day
immersion in the alkaline solution
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Figure 4-23 Axial tensile stress-axial tensile strain curve of steel bars after 180-day
immersion in the alkaline solution
where 𝑊1 is the mass of a sample after the immersion for a specific period in the alkaline
solution (kg) and 𝑊0 is the mass of a specimen before immersion (kg).
For Bars N10-30, N10-60, N12-30 and N12-60, no obvious change in the average mass
occurred (Figure 4-24). However, with increasing the immersion period, both Bar N10180 and Bar N12-180 showed an average mass loss of 15% (Figure 4-16). This can be
attributed to the fact that at the immersion time of 30-day and 60-day, the high
temperature of the alkaline solution (63ᵒ C) can be worked only for damaging the passive
layer on the steel bar surface. Then, at the immersion time of 180-day, the passive layer
on the steel surface was totally damaged, and a chemical reaction between the 𝐹𝑒+ ions
on the steel surface and the 𝑂𝐻 − ions in the alkaline solution occurred. This led to
creating iron oxide that could be responsible to increase steel bar corrosion. Therefore,
a mass loss of about 15% occurred for the steel bars after 180-day immersion in the
alkaline solution (Figure 4-24).
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Figure 4-24 Mass change ratio and corresponding immersion time for all samples

4.4 Summary
This chapter is divided into two sections. The first section aimed to investigate the
tensile properties of the reinforcement at ambient conditions. The second section aimed
to investigate the tensile properties of the reinforcement after the exposure to the
alkaline solution within the immersion periods of 30-day, 60-day and 180-day,
respectively. The reinforcement tested in this chapter included steel bars, moulded
GFRP gratings, pultruded GFRP gratings, GFRP bars and CFRP coupons. A new steel
anchor was designed, manufactured and used to grip the ends of GFRP grating samples
(MG-R-25, MG-R-38, PG-I-38 and PG-T-38) during the tensile test. In addition, an
innovative type of stirrups namely sand coated carbon-fibre reinforced polymer
(SCCFRP) was proposed and manufactured. From the experimental test results, the
following main points were obtained:
1. Failure of all GFRP grating samples occurred at the mid-length with a good
alignment at the ends, and no slippage from the anchors was observed. This
confirmed the effectiveness of using the proposed steel anchors for the tensile test.
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2. The design method of the proposed steel anchor allowed using each anchor multiple
times for the tensile test, and this can reduce the cost of test.
3. The GFRP grating samples (MG-R-25, MG-R-38, PG-I-38 and PG-T-38) showed a
tensile strength degradation after the exposure to alkaline solution less than the steel
bars.
4. For the immersion time of 180-day in the alkaline solution with a solution
temperature of 63ᵒ C, the passive layer on the steel bar surface can be totally damaged
leading to an increased rate of corrosion significantly.
5. The CFRP coupons showed superior resistance to the alkaline solution.
6. The mass loss ratio of the GFRP grating samples (MG-25, MG-38, PGI-38 and PGT38) after 180-day immersion in the alkaline solution was less than the mass loss ratio
of steel bars.
In chapter five, an experimental program was produced for RC beams and RC one-way
slabs under four-point bending.
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5 Experimental Program for RC beams and RC Slabs
5.1 Introduction
This chapter is divided into two main sections. The first main section described the
experimental program regarding the flexural behaviour of fifteen reinforced concrete
(RC) beams under four-point bending. For the fifteen RC beams, an innovative type of
stirrup namely sand coated carbon fibre-reinforced polymer (SCCFRP) was
manufactured and used as shear reinforcement. Details of manufacturing the innovative
SCCFRP stirrups can be found in Chapter 4. The second main section described the
experimental program of the flexural behaviour of fifteen RC one-way slabs under fourpoint bending.
The variables included in this chapter were the type of concrete (reference concrete,
perlite concrete and vermiculite concrete), the type of longitudinal reinforcement in
tension (steel bars, moulded glass-fibre reinforced polymer (GFRP) gratings and
pultruded glass-fibre reinforced polymer (GFRP) gratings) and the longitudinal
reinforcement ratio (ranged from 0.007 to 0.13). Details of designing the perlite concrete
and the vermiculite concrete can be found in Chapter 3.

5.2 Experimental Program of RC Beams Under Four-point Bending
In this section, the experimental program of the fifteen RC beams was explained based
on three parts which included: details of the RC beams as the first part, preparation of
reinforcement cages, casting and curing as the second part, and the test set-up as the
third part. The details of the RC beams (first part) were explained based on the
following: total number of the RC beams, dimensions of the RC beams, distribution of
the RC beams as groups based on the types of concrete, types of longitudinal
reinforcement, number of longitudinal reinforcement in the RC beams cross-sections,
longitudinal reinforcement ratio, and design mode of failure.
5.2.1

Details of RC Beams

A total of fifteen RC beams with a cross-sectional dimension of 160 mm × 210 mm and
an overall length of 2400 mm were cast and tested under four-point bending. Table 5.1
reports the number and location of reinforcement in the RC beam cross-sections. The
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fifteen RC beams were divided into three groups based on the type of concrete (Table
5.1). The three groups included the reference concrete (R) as the first group, the perlite
concrete (P) as the second group and the vermiculite concrete (V) as the third group
(Table 5.1). Each group consisted of five RC beams (Table 5.1). The five RC beams at
each group were labelled in three parts. The first part represented the type of concrete
which included: R for the reference concrete, P for the perlite concrete and V for the
vermiculite concrete. The second part referred to the type of longitudinal reinforcement
in tension which included: S for steel bars, MG for moulded GFRP grating, PGI for
pultruded I-cross sectional shape GFRP grating, and PGT for pultruded T-cross
sectional shape GFRP grating. The third part represented the diameter of the steel bars
(12 mm) or the overall depth of moulded GFRP gratings and pultruded GFRP gratings
(25 mm or 38 mm). For example, Beam R-PGT-38 represented the reference concrete
beam (R) that was reinforced with T-cross sectional shape pultruded GFRP grating
(PGT) of 38 mm overall reinforcement depth.

Figure 5-1 Cross-sectional dimensions of Beam R-S-12, Beam P-S-12 and Beam VS-12 (all dimensions in mm)
Figures 5-1 to 5-5 show details of cross-sectional dimensions of the RC beams at each
group. The first beam at each group (R-S-12, P-S-12 and V-S-12) was reinforced in
tension (bottom reinforcement) with two deformed steel bars of 12 mm diameter (N12)
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Table 5-1 Number and location the reinforcement in the beam cross sections
Group

Reference concrete (R)

Perlite concrete (P)

Vermiculite concrete (V)

Beam

Top
reinforcement
2R6
2#2 GFRP
2#2 GFRP
2#2 GFRP
2#2 GFRP
2R6
2#2 GFRP
2#2 GFRP
2#2 GFRP
2#2 GFRP
2R6
2#2 GFRP
2#2 GFRP
2#2 GFRP
2#2 GFRP

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

Bottom
reinforcement
2N12
4MG-25
4MG-38
4PGI-38
3PGT-38
2N12
4MG-25
4MG-38
4PGI-38
3PGT-38
2N12
4MG-25
4MG-38
4PGI-38
3PGT-38

(Figure 5-1 and Table 5.1). The second beam at each group (R-MG-25, P-MG-25 and
V-MG-25) was reinforced in tension (bottom reinforcement) with four bars of 25 mm
overall depth moulded GFRP gratings (Figure 5-2 and Table 5.1). The third beam at
each group (R-MG-38, P-MG-38 and V-MG-38) was reinforced in tension (bottom
reinforcement) with four bars of 38 mm overall depth moulded GFRP gratings (Figure
5-3 and Table 5.1). The fourth beam at each group (R-PGI-38, P-PGI-38 and V-PGI38) was reinforced in tension (bottom reinforcement) with four bars of 38 mm overall
depth I cross-sectional shape pultruded GFRP gratings (Figure 5-4 and Table 5.1). The
fifth beam at each group (R-PGT-38, P-PGT-38 and V-PGT-38) was reinforced in
tension with three bars of 38 mm overall depth T-cross sectional shape pultruded GFRP
gratings (Figure 5-5 and Table 5.1). In addition, two types of compression reinforcement
(top reinforcement) were used to reinforce the five beams at each group. Only the first
beam at each group (R-S-12, P-S-12 and V-S-12) was reinforced in compression (top
reinforcement) with two plain rounded steel bars of 6 mm diameter (2R6) (Figure 5-1
and Table 5.1) while the remaining four beams at each group were reinforced in
compression (top reinforcement) with two GFRP bars of 6.35 mm diameter (2#2)
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(Figures 5-2 to 5-5 and Table 5.1). All the concrete beams were reinforced for shear
with stirrups of the sand coated carbon-fiber reinforced polymer (SCCFRP) (Figures 51 to 5-5). The concrete clear cover from all sides (top, bottom, left and right) in the cross
sections for all RC beams was equal to 15 mm (Figures 5-1 to 5-5).

Figure 5-2 Cross-sectional dimensions of Beam R-MG-25, Beam P-MG-25 and
Beam V-MG-25 (all dimensions in mm)
The number of bottom reinforcement for each group was selected to achieve a
𝑓𝑢 × 𝐴𝑓 for one beam reinforced with GFRP grating less than the 𝑓𝑦 × 𝐴𝑠 for beam
reinforced with steel bar, and the remaining three beams reinforced with GFRP gratings
higher than the 𝑓𝑦 × 𝐴𝑠 for beam reinforced with steel bars. For example, the 𝑓𝑦 × 𝐴𝑠
for Beam R-S-12 was about 51% higher than the 𝑓𝑢 × 𝐴𝑓 for Beam R-MG-25, and less
than the 𝑓𝑢 × 𝐴𝑓 for Beam R-MG-38, Beam R-PGI-38, and Beam R-PGT-38 by about
31%, 57% and 48%, respectively.
Table 5.2 reports more details regarding the effective depth, reinforcement crosssectional area and the longitudinal reinforcement ratio of the RC beams at each group.
The effective depth (d) is the distance from the centroid of the cross-sectional
dimensions of the longitudinal reinforcement in tension to the extreme compression
fibre. The longitudinal reinforcement ratio is the cross-sectional area of the longitudinal
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reinforcement in tension divided by the effective area of the concrete cross section (b×d)
(Table 5.2). The longitudinal reinforcement ratios of Beam R-S-12, Beam P-S-12 and
Beam V-S-12 were equal to 0.007 (Table 5.2). The longitudinal reinforcement ratios of
Beam R-MG-25, Beam P-MG-25 and Beam V-MG-25 were equal to 0.016 (Table 5.2).
The longitudinal reinforcement ratios of Beam R-MG-38, Beam P-MG-38 and Beam VMG-38 were equal to 0.025 (Table 5.2). The longitudinal reinforcement ratios of Beam
R-PGI-38, Beam P-PGI-38 and Beam V-PGI-38 were equal to 0.035 (Table 5.2). The
longitudinal reinforcement ratios of Beam R-PGT-38, Beam P-PGT-38 and Beam VPGT-38 were equal to 0.025 (Table 5.2).

Figure 5-3 Cross-sectional dimensions of Beam R-MG-38, Beam P-MG-38 and
Beam V-MG-38 (all dimensions in mm)
Beam R-S-12, Beam P-S-12 and Beam V-S-12 were designed based on ACI 318 (2014)
as under-reinforced to obtain flexural ductile failure (Table 5.2 and Figure 5-1). The
flexural ductile failure means that the steel yields before concrete crushing (the
longitudinal reinforcement ratio ρs of a RC beam is less than the balanced reinforcement
ratio ρsb) (Table 5.2). Although the GFRP rupture failure was not recommended in the
design code (ACI 440 1R, 2015), Beam R-MG-25, Beam P-MG-25 and Beam V-MG25 were designed as under-reinforced to provide more information about all types of
failure of beams reinforced with GFRP gratings. The remaining RC beams (R-MG-38,
R-PGI-38, R-PGT-38, P-MG-38, P-PGI-38, P-PGT-38, V-MG-38, V-PGI-38, V-PGT38) were designed as over-reinforced based on ACI 440 1R (2015) to obtain concrete
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crushing failure within pure bending region (the longitudinal reinforcement ratio ρf of a
RC beam is higher than the balanced reinforcement ratio ρfb) (Table 5.2).

Figure 5-4 Cross-sectional dimensions of Beam R-PGI-38, Beam P-PGI-38 and
Beam V-PGI-38 (all dimensions in mm)

Figure 5-5 Cross-sectional dimensions of Beam R-PGT-38, Beam P-PGT-38 and
Beam V-PGT-38 (all dimensions in mm)
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5.2.2

Preparation of Reinforcement Cages, Casting and Curing

Reinforcement cages were constructed by attaching the tension and compression
reinforcement (steel bars, GFRP bars and GFRP gratings) to the SCCFRP stirrups using
plastic cable ties of 300 mm length (Figure 5-6). A plywood formwork with a clear
cross-sectional dimension of 160 mm × 210 mm and a clear length of 2400 mm were
constructed to cast the RC beams (Figure 5-7). This formwork was designed to cast five
RC beams for each batch. The bottom surface of the formwork (base of formwork) was
painted with white colour to prevent the formwork from absorbing water of concrete
mix during casting (Figure 5-7). Afterwards, the rectangular cages were placed inside
the formwork, ensuring that clear concrete covers of 15 mm from the top and the bottom
surface were achieved (Figure 5-8). Figure 5-9 and Figure 5-10 show a typical side view
of the beams reinforced with either steel bars or GFRP gratings, respectively. The
concrete clear cover from both ends was 20 mm for all the RC beams (Figure 5-9 and
Figure 5-10). The clear spacing between the SCCFRP stirrups was equal to 25 mm
(Figure 5-9 and Figure 5-10). In addition, no stirrups were placed within the pure
bending region in the 460 mm span length for all the RC beams (Figure 5-9 and Figure
5-10). Two strain gauges in the bottom reinforcement and two in the top reinforcement
Type BX120-5AA (9.4 mm in length) (Hycsyq, 2017) were attached. However, during
the concrete placement in the formwork, more than half of the strain gauges were
damaged. Hence, readings for strain gauges were neglected.
The fifteen RC beams were cast in three batches. The reference concrete was cast in the
first batch, the perlite concrete in the second batch and the vermiculite concrete in the
last batch. For each batch, five RC beams were cast and cured to the age of 28-day using
wet hessian to prevent moisture loss. The reference concrete was supplied by Hanson
Construction and Building Materials (2017) with a compressive strength of 44 MPa at
the day of testing the RC beams. The compressive strength of the perlite concrete and
vermiculite concrete were 40 MPa and 32 MPa, respectively at the age of testing the RC
beams. The details of the ingredients and design method of the perlite concrete mix and
vermiculite concrete mix can be found in Chapter 3. Figure 5-11 shows the five RC
beams of perlite concrete group after casting. After 28-day curing, all the RC beams
were painted white in order to recognize the crack propagation clearly during the
flexural test (Figure 5-12).
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Table 5-2 Details of RC beams
Group

R*

P*

V*

Beam

d (mm)*

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

184.0
177.5
171.0
171.0
174.0
184.0
177.5
171.0
171.0
174.0
184.0
177.5
171.0
171.0
174.0

(As
or (𝜌𝑠 or 𝜌𝑓 )*
Af)*
(mm2)
220
0.007
450
0.016
684
0.025
960
0.035
696
0.025
220
0.007
450
0.016
684
0.025
960
0.035
696
0.025
220
0.007
450
0.016
684
0.025
960
0.035
696
0.025

(𝜌𝑠 / 𝜌𝑠𝑏 *)
or (𝜌𝑓 / 𝜌𝑓𝑏 *)
0.31
0.57
1.68
2.15
1.74
0.33
0.61
1.78
2.27
1.84
0.38
0.70
2.07
2.64
2.14

* d: Effective depth; As: Steel cross sectional area; Af : Moulded and pultruded GFRP
grating cross sectional area; 𝜌𝑠 : Steel longitudinal reinforcement ratio; 𝜌𝑓 : GFRP
longitudinal reinforcement ratio; 𝜌𝑠𝑏 Steel balance reinforcement ratio; 𝜌𝑓𝑏 : GFRP balanced
reinforcement ratio; R: Reference concrete; P: Perlite concrete; V: Vermiculite concrete

5.2.3

Test Set-up

Figure 5-13 shows the details of the test setup of the RC beams. The RC beams were set
up under a simply supported condition (Figure 5-13). On the bottom surface of each RC
beam, hinge support was placed at 150 mm distance from one end, and roller support
was placed at 150 mm distance from the other end. On the top surface of each RC beam,
a steel spreader beam with hinge support at one end and roller support at the other end
was placed in the middle third of the span length within the pure bending region (the
distance between the hinge and the roller was 700 mm). The steel spreader beam was
used to transfer the load to the RC beam during the test (Figure 5-13). The crosssectional dimensions of the steel spreader beam were 150 mm × 150 mm and an overall
length of 1000 mm. Steel plates were placed between the supports (hinge support and
roller support) and the concrete surface to prevent the stress concentration during the
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test (Figure 5-13). The cross-sectional dimensions of the steel plates were 20 mm × 160
mm and an overall length of 200 mm.

Figure 5-6 Preparation of reinforcement cages for beams

Figure 5-7 Preparation of formwork for casting RC beams
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Figure 5-8 Placing reinforcement cages in the formwork

Figure 5-9 Typical side view of beams reinforced with steel bars (R-S-12, P-S-12 and
V-S-12) (all dimensions in mm)

Figure 5-10 Typical side view of beams reinforced with GFRP gratings (all
dimensions in mm)
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Figure 5-11 Typical figure for casting the RC beams in the formwork

Figure 5-12 Painting the RC beams after 28-day curing time
The total length of each RC beam was 2400 mm; this included 2100 mm clear span
length and 150 mm overhang length at each end (Figure 5-13). One linear potentiometer
(wire pot) was attached below each RC beam in the midspan length (Figure 5-13). This
wire pot was covered with a steel box to protect it from damage during the RC beam
failure (Figure 5-13). The main task of the wire pot was to capture the midspan
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deflection with two-second intervals during applying load. All the RC beams were
loaded with a displacement rate of 1 mm/min using a flexural testing hydraulic actuator
that has a maximum load of 1000 kN. Once the load dropped to 60% from the
experimental load carrying capacity, the test was stopped. During the test, all cracks
were marked to investigate the behaviour of the RC beams through different load
intervals. The flexural test was conducted at the School of Civil, Mining and
Environmental Engineering, University of Wollongong, Australia.

Figure 5-13 Test set-up of RC beams (all dimensions in mm)

5.3 Experimental Program of One-way RC Slabs
In this section, the experimental program of fifteen one-way RC slabs was explained
based on three parts which included: details of the RC slabs as the first part, preparation
of reinforcement, casting and curing as the second part, and the test set-up as the third
part. The details of the RC slabs (first part) were explained based on the following: total
number of the RC slabs, the RC slab dimensions, distribution of the RC slabs as groups
based on the type of concrete, types of longitudinal reinforcement, number of
longitudinal reinforcement in the slab cross-sections, longitudinal reinforcement ratio
and the design mode of failure of the RC slabs.
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5.3.1

Details of RC Slabs

A total of fifteen RC slabs with a cross-sectional dimension of 80 mm × 400 mm and an
overall length of 1250 mm were cast and tested under four-point bending. Table 5.3
reports the number of longitudinal reinforcement in concrete slab cross-sections. The
fifteen RC slabs were divided into three groups based on the type of concrete (Table
5.3). The three groups included: the reference concrete as the first group, the perlite
concrete as the second group and the vermiculite concrete as the third group (Table 5.3).
Each group consisted of five RC slabs (Table 5.3). The five RC slabs at each group were
labelled in the form of three parts. The first part represented the type of concrete which
included: R for the reference concrete, P for perlite concrete and V for vermiculite
concrete. The second part referred to the type of the longitudinal reinforcement in
tension which included: S for steel bars, MG for moulded GFRP grating, PGI for I crosssection pultruded GFRP grating and PGT for T cross-section pultruded GFRP grating.
The third part represented either the diameter of the steel bars (10 mm) or the overall
depth of the GFRP gratings (25 mm or 38 mm). For example, Slab R-S-10 represented
the reference concrete slab (R) that was reinforced with steel bars (S) of 10 mm diameter
(Table 5.3).
Table 5-3 Types and number of the longitudinal reinforcement in concrete slabs
Group

Reference concrete (R)

Perlite concrete (P)

Vermiculite concrete
(V)

Slab

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

Type of
reinforcement
in tension
N10
MG-25
MG-38
PGI-38
PGT-38
N10
MG-25
MG-38
PGI-38
PGT-38
N10
MG-25
MG-38
PGI-38
PGT-38
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Number of the longitudinal
bars in tension
3
10
10
10
8
3
10
10
10
8
3
10
10
10
8

Figures 5-14 to 5-18 show the details of the cross-sectional dimensions of the five RC
slabs at each group. The first slab at each group (R-S-10, P-S-10 and V-S-10) was
reinforced in tension with three longitudinal deformed steel bars of 10 mm diameter
(N10) (Figure 5-14 and Table 5.3). The second slab at each group (R-MG-25, P-MG-25
and V-MG-25) was reinforced in tension with ten longitudinal bars of 25 mm overall
depth moulded GFRP gratings (Figure 5-15 and Table 5.3). The third slab at each group
(MG-38, P-MG-38 and V-MG-38) was reinforced in tension with ten longitudinal bars
of 38 mm overall depth moulded GFRP gratings (Figure 5-16 and Table 5.3). The fourth
slab at each group (R-PGI-38, P-PGI-38 and V-PGI-38) was reinforced in tension with
ten longitudinal bars of 38 mm overall depth I cross-section pultruded GFRP gratings
(Figure 5-17 and Table 5.3). The fifth slab at each group (R-PGT-38, P-PGT-38 and VPGT-38) was reinforced in tension with eight bars of 38 mm overall depth T crosssection pultruded GFRP gratings (Figure 5-18 and Table 5.3). For all the RC slabs, the
concrete clear cover from the bottom surface of a concrete cross section was 15 mm.

Figure 5-14 Cross-sectional dimensions of Slab R-S-10, Slab P-S-10 and Slab V-S10
Table 5.4 reports more details regarding the effective depth and longitudinal
reinforcement ratio of the RC slabs. The effective depth (𝑑) is the distance from the
centroid of the longitudinal reinforcement in tension to the extreme compression fibre
(Table 5.4). The longitudinal reinforcement ratio is the cross-sectional area of the
longitudinal reinforcement in tension divided by the effective area of the concrete crosssection (b×d) (Table 5.4). The longitudinal reinforcement ratios of Slab R-S-10, Slab PS-10 and Slab V-S-10 were equal to 0.010 (Table 5.4). The longitudinal reinforcement
ratios of Slab R-MG-25, Slab P-MG-25 and Slab V-MG-25 were equal to 0.054 (Table
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5.4). The longitudinal reinforcement ratios of Slab R-MG-38, Slab P-MG-38 and Slab
V-MG-38 were equal to 0.093 (Table 5.4). The longitudinal reinforcement ratios of Slab
R-PGI-38, Slab P-PGI-38 and Slab V-PGI-38 were equal to 0.130 (Table 5.4). The
longitudinal reinforcement ratios of Slab R-PGT-38, Slab P-PGT-38 and Slab V-PGT38 were equal to 0.095 (Table 5.4).
Slab R-S-10, Slab P-S-10 and Slab V-S-10 were designed as under-reinforced according
to the ACI 318 (2014) to obtain flexural ductile failure. All the remaining RC slabs
(slabs reinforced with either moulded GFRP gratings or pultruded GFRP gratings) were
designed to fail by concrete crushing based on the ACI 440 1R (2015). The variables
investigated in the RC slabs were the type of concrete (reference concrete, perlite
concrete and vermiculite concrete), the type of the longitudinal reinforcement in tension
(steel bars, moulded GFRP grating and pultruded GFRP grating) and the longitudinal
reinforcement ratio (between 0.01 and 0.13).

Figure 5-15 Cross-sectional dimensions of Slab R-MG-25, Slab P-MG-25 and Slab
V-MG-25

Figure 5-16 Cross-sectional dimensions of Slab R-MG-38, Slab P-MG-38 and Slab
V-MG-38
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Figure 5-17 Cross-sectional dimensions of Slab R-PGI-38, Slab P-PGI-38 and Slab
V-PGI-38

Figure 5-18 Cross-sectional dimensions of Slab R-PGT-38, Slab P-PGT-38 and
Slab V-PGT-38

5.3.2

Preparation of Reinforcement, Casting and Curing

The longitudinal reinforcement including steel bars, moulded GFRP gratings and
pultruded GFRP gratings were cut in the appropriate size and prepared to be placed
inside plywood formworks. Five plywood formworks were constructed with a clear
cross-sectional dimension of 400 mm × 80 mm and a clear length of 1250 mm. The
reinforcements for each group were placed in the plywood formworks ensuring that a
concrete clear cover of 15 mm from the bottom surface of each slab cross-section was
achieved (Figure 5-19). Figure 5-20 and Figure 5-21 show the typical side view of the
slabs reinforced with steel bars and GFRP gratings, respectively. The concrete clear
cover from both ends of each RC slab was equal to 20 mm (Figure 5-20 and Figure 521).
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Table 5-4 Details of RC slabs
Group

Reference
Concrete (R)

Perlite
Concrete (P)

Vermiculite
Concrete (V)

a

Slab

Effective depth, d
(mm)

Reinforcement area
(steel, 𝐴𝑠 or GFRP, 𝐴𝑓 )
(mm2)

Longitudinal
reinforcement ratio
(steel, 𝜌𝑠 or GFRP, 𝜌𝑓 )

R-S-10
R-MG-25
R-MG-38

60.0
52.5

240
1125

0.010
0.054

Longitudinal
Reinforcement
ratio/(balance
reinforcement ratio)
0.30
1.40

46.0

1710

0.093

4.77

R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38

46.0
49.0
60.0
52.5
46.0
46.0
49.0
60.0
52.5

2400
1856
240
1125
1710
2400
1856
240
1125

0.130
0.095
0.010
0.054
0.093
0.130
0.095
0.010
0.054

2.73
4.78
0.32
1.46
4.97
2.84
4.99
0.33
1.54

46.0

1710

0.093

5.26

V-PGI-38
V-PGT-38

46.0

2400

0.130

3.00

49.0

1856

0.095

5.27

The tensile modulus of elasticity of the longitudinal reinforcement can be found in Chapter 4
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The RC slabs were cast in three batches including the reference concrete in the first
batch, the perlite concrete in the second batch and the vermiculite concrete in the third
batch. For each batch, five RC slabs were cast and cured to the age of 28-day. The RC
slabs were cured using wet hessians that were placed above the RC slabs to prevent the
moisture loss. The reference concrete was supplied by Hanson Construction and
Building Materials (2017) with a compressive strength of 55 MPa at the day of testing
the RC slabs. The compressive strength of the perlite concrete and vermiculite concrete
were 50 MPa and 55 MPa at the age of testing the RC slabs. The details of the design
method and the ingredients of the perlite concrete and vermiculite concrete can be found
in Chapter 3. After 28-day curing, the RC slabs were wrapped from both ends with 200
mm length of carbon-fibre reinforced polymer (CFRP) sheets to increase the resistance
of the RC slabs against shear failure.

Figure 5-19 Reinforcement placement in the plywood formworks

5.3.3

Test Set-up

Figure 5-22 shows the details of the test set-up of all the RC slabs in the testing machine.
The RC slabs were set-up under a simply supported condition with hinge support at 100
mm length from one end and roller support at 100 mm from the other end (Figure 5-22).
The total length of each RC slab was 1250 mm; this included a 1050 mm clear span
length and 100 mm overhang length on both ends (Figure 5-22). The load was applied
using a steel spreader beam which was placed on top surface of each RC slab with hinge
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support at one end and roller support at the other end (Figure 5-22). The distance
between the hinge support and roller support on the top surface of the RC slabs was 350
mm (Figure 5-22). This distance represented the pure bending region of each RC slab
(Figure 5-22). The steel spreader beam was constructed with cross-sectional dimensions
of 200 mm × 200 mm and an overall length of 800 mm. Steel plates were placed under
the hinge support and roller support to prevent stress concentration during the test
(Figure 5-22).

Figure 5-20 Typical side view of slabs reinforced with steel bars (Slab R-S-10, Slab
P-S-10 and Slab V-S-10) (all dimensions in mm)

Figure 5-21 Typical side view of slabs reinforced with GFRP gratings (all dimensions
in mm)
Each steel plate was constructed with a cross-sectional dimension of 20 mm × 400 mm
and an overall length of 200 mm. A linear potentiometer (wire pot) was attached
underneath each RC slab in the midspan length (Figure 5-22). The wire pot was covered
by steel box to protect it from damage during a RC slab failure. The main task for the
wire pot was to capture the midspan deflection with intervals of two-seconds during the
load application. All the RC slabs were loaded with a displacement rate of 1 mm/min
using a flexural testing hydraulic actuator that has a maximum load of 1000 kN (Figure
5-22). Once the load dropped between 45% and 55% from the experimental load
carrying capacity, the test was stopped. During the test, the cracks propagation were
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monitored and marked to investigate the behaviour of the RC slabs within different load
intervals.

Figure 5-22 Test set-up of concrete RC slabs (all dimensions in mm)

5.4 Summary
This chapter reported the experimental program of the flexural behaviour of fifteen RC
beams and fifteen one-way RC slabs under four-point bending. Details of the
experimental program was explained based on the following: total number of the RC
flexural members, dimensions of the RC flexural members, distribution of the RC
flexural members as groups based on the types of concrete, types of longitudinal
reinforcement, number of longitudinal reinforcement in the concrete cross-sections,
longitudinal reinforcement ratio, design mode of failure, preparation of reinforcement,
casting, curing and the test set-up. The variables included in this chapter were the type
of concrete (reference concrete, perlite concrete and vermiculite concrete), the type of
reinforcement in tension (steel bars, moulded GFRP gratings and pultruded GFRP
gratings) and the longitudinal reinforcement ratio (ranged from 0.007 to 0.13).
Only one RC sample for each specimen was tested because the method for preparing the
formwork, casting and curing was conducted concisely in a very controlled manner for
each specimen. Additionally, the size of the RC beams (2.4 m in length) was close to
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the size of elements in the real structures which was enough to provide and reflect an
accurate flexural behaviour for RC elements.
In Chapter 6, experimental results into the influences of the above variables on the loadmidspan deflection curves, experimental load carrying capacity, flexural stiffness,
ductility and modes of failure were reported and discussed precisely.
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6 Results and Discussion for RC beams and RC Slabs
6.1 Introduction
This chapter is divided into three main sections. The first main section presented the
results and discussions of fifteen RC beams tested under four-point bending. The second
main section presented the results and discussions of fifteen RC one-way slabs tested
under four-point bending. The third main section produced the cost comparison of RC
beams and RC slabs. The results were discussed based on the influences of the types of
concrete (reference concrete, perlite concrete and vermiculite concrete), types of
reinforcement in tension (steel bars, moulded GFRP gratings and pultruded GFRP
gratings) and the longitudinal reinforcement ratios (ranged from 0.007 to 0.13) on the
load-midspan deflection curves, experimental load carrying capacity, flexural stiffness,
ductility and modes of failure.

6.2 Behaviour of RC Beams under Four-Point Bending
6.2.1

Load-Midspan Deflection Curves

The load-midspan deflection curves of the RC beams in the reference concrete group,
perlite concrete group and vermiculite concrete group are shown in Figures 6-1 to 6-3,
respectively. The RC beams at all groups displayed un-cracked behaviour, followed by
cracked behaviour up to failure. Un-cracked behaviour (before concrete cracking)
referred to the behaviour of the RC beams from the point of origin (zero load) up to the
first crack load (Point A), (Figures 6-1 to 6-3). For un-cracked behaviour, all the RC
beams displayed a linear behaviour with exhibiting a small amount of midspan
deflection (Figures 6-1 to 6-3).
Cracked behaviour (after concrete cracking) represented the behaviour of the RC beams
from the first crack load (Point A) up to the failure (Figures 6-1 to 6-3). During the
cracked behaviour (after the first crack load), Beams R-S-12, P-S-12 and V-S-12 (beams
reinforced with steel bars) displayed elastic-perfectly plastic behaviour that showed two
different linear branches (Figures 6-1 to 6-3). The first linear branch started from the
first crack load (Point A) up to the yield load, and the second linear branch started from
the yield load up to the failure (Figures 6-1 to 6-3). Large midspan deflection in the
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second linear branch (plastic behaviour) was observed with exhibiting a low load
increment.
Table 6-1 Experimental load carrying capacity for the RC beams
Group

Reference
concrete
(R)

Perlite
concrete
(P)

Vermiculit
e concrete
(V)

Beam

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

Average
compressive
strength at
age of
testing
beams
(MPa)
44
44
44
44
44
40
40
40
40
40
32
32
32
32
32

Longitudinal
reinforcement
ratio

Load
carrying
capacity
(kN)

Differences
in Load
carrying
capacity
compared to
R (%)

0.007
0.016
0.025
0.035
0.025
0.007
0.016
0.025
0.035
0.025
0.007
0.016
0.025
0.035
0.025

64
59
80
88
96
63
50
60
80
81
63
57
64
75
83

1
1
1
1
1
98
85
75
91
84
98
97
80
85
86

The yield loads of Beams R-S-12, P-S-12 and V-S-12 were equal to 60 kN, 61 kN and
61 kN, respectively. Beam R-MG-25 showed a linear branch from the first crack load
(Point A) up to the experimental load carrying capacity, without exhibiting warning
prior to failure, because this beam (R-MG-25) failed by GFRP rupture which was a
sudden failure (Figure 6-1). For the remaining eleven RC beams (R-MG-38, R-PGI-38,
R-PGT-38, P-MG-25, P-MG-38, P-PGI-38, P-PGT-38, V-MG-25, V-MG-38, V-PGI38 and V-PGT-38), a linear branch was observed from the first crack load (Point A) up
to about 80%-90% of the experimental load carrying capacity. Then, the load dropped
slightly due to the appearance of the cracks on the top surface of a beam within the pure
bending region. Afterwards, some warning prior to the concrete crushing failure
occurred (Figures 6-1 to 6-3). It can be clearly seen that no yield point was observed for
the beams reinforced with GFRP gratings, due to the low tensile modulus of elasticity
of GFRP gratings in comparison to steel bars (Table 4.1).
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Figure 6-1 Load-midspan deflection curve of RC beams in the reference concrete
group

Figure 6-2 Load-midspan deflection curve of RC beams in the perlite concrete group
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Figure 6-3 Load-midspan deflection curve of RC beams in the vermiculite concrete
group

6.2.2

Experimental Load Carrying Capacity of RC Beams

The experimental load carrying capacities for the RC beams are reported in Table 6.1.
The values of the load carrying capacities in Table 6.1 is corresponding to the ultimate
load.
6.2.2.1 Reference Concrete Beams
The experimental load carrying capacity of Beam R-S-12 with 𝜌𝑠 = 0.007 was about
8% higher than for Beam R-MG-25 with 𝜌𝑓 = 0.016 because the average tensile
strength of the longitudinal reinforcement of Beam R-MG-25 (𝑓𝑓𝑢 = 190 MPa) was
about 68% less than for Beam R-S-12 (𝑓𝑦 = 586 MPa) (Table 4.1).
The experimental load carrying capacity of Beam R-S-12 (64 kN) with 𝜌𝑠 = 0.007 was
about 20%, 27% and 33%, respectively less than for Beam R-MG-38 (80 kN) with 𝜌𝑓 =
0.025, Beam R-PGI-38 (88 kN) with 𝜌𝑓 = 0.035 and Beam R-PGT-38 (96 kN)
with 𝜌𝑓 = 0.025 (Table 6.1). The experimental load carrying capacity of Beam R-MG120

25 (59 kN) with 𝜌𝑓 = 0.016 was about 26%, 33% and 39%, respectively less than for
Beam R-MG-38 (80 kN) with 𝜌𝑓 = 0.025, Beam R-PGI-38 (88 kN) with 𝜌𝑓 =
0.035 and Beam R-PGT-38 (96 kN) with 𝜌𝑓 = 0.025 (Table 6.1). The experimental
load carrying capacity of Beam R-MG-38 (80 kN) with 𝜌𝑓 = 0.025 was about 9% less
than for Beam R-PGI-38 (88 kN) with 𝜌𝑓 = 0.035 (Table 6.1).
The experimental load carrying capacity of Beam R-MG-38 with𝜌𝑓 = 0.025 was about
17% less than for Beam R-PGT-38 with 𝜌𝑠 = 0.025 because the average tensile strength
of the longitudinal reinforcement of Beam R-MG-38 (275 MPa) was about 24% less
than for Beam R-PGT-38 (361 MPa) (Table 4.1). In addition, the experimental load
carrying capacity of Beam R-PGI-38 with 𝜌𝑠 = 0.035 was about 8% less than for Beam
R-PGT-38 with 𝜌𝑓 = 0.025 (Table 6.1). This was because the average tensile strength
of the longitudinal reinforcement of Beam R-PGI-38 (315 MPa) less than for Beam RPGT-38 (361 MPa) by about 13% (Table 4.1).
6.2.2.2 Perlite Concrete Beams
Beam P-MG-25 with 𝜌𝑓 = 0.016 and Beam P-MG-38 with 𝜌𝑓 = 0.025 showed an
experimental load carrying capacity of about 21% and 5%, respectively less than for
Beam P-S-12 with 𝜌𝑠 = 0.007 (Table 6.1). The reason was that the average tensile
strengths of the longitudinal reinforcement of Beam P-MG-25 (𝑓𝑓𝑢 = 190 MPa) and
Beam P-MG-38 (𝑓𝑓𝑢 = 275 MPa) were about 68% and 53%, respectively less than the
average tensile yield stress of the longitudinal reinforcement of Beam P-S-12 (𝑓𝑦 =
586 MPa) (Table 4.1).
The experimental load carrying capacity of Beam P-S-12 with 𝜌𝑠 = 0.007 was about
21% and 22%, respectively less than for Beam P-PGI-38 with 𝜌𝑓 = 0.035 and Beam PPGT-38 with 𝜌𝑓 = 0.025 (Table 6.1). The experimental load carrying capacity of Beam
P-MG-25 (49 kN) with 𝜌𝑓 = 0.016 was about 18%, 39% and 40%, respectively less
than for Beam P-MG-38 with 𝜌𝑓 = 0.025, Beam P-PGI-38 with 𝜌𝑓 = 0.035 and Beam
P-PGT-38 with 𝜌𝑓 = 0.025 (Table 6.1). The experimental load carrying capacity of
Beam P-MG-38 with 𝜌𝑓 = 0.025 was about 25% less than for Beam P-PGI-38 (80 kN)
with 𝜌𝑓 = 0.035 (Table 6.1).
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The experimental load carrying capacity of Beam P-MG-38 was about 26% less than
for Beam P-PGT-38 (Table 6.1) because the average tensile strength of the longitudinal
reinforcement of Beam P-MG-38 was about 24% less than for Beam P-PGT-38 (Table
4.1). Additionally, the experimental load carrying capacity of Beam P-PGI-38 was about
1% less than for Beam P-PGT-38 (Table 6.1) due to the low average tensile strength of
the longitudinal reinforcement of Beam P-PGI-38 (315 MPa) in comparison for Beam
P-PGT-38 (361 MPa) (Table 4.1).
6.2.2.3 Vermiculite Concrete Beams
The experimental load carrying capacity of Beam V-MG-25 with 𝜌𝑓 = 0.016 was about
10% less than for Beam V-S-12 with 𝜌𝑠 = 0.007 because the average tensile strength
of the longitudinal reinforcement of Beam V-MG-25 (𝑓𝑓𝑢 = 190 MPa) was about 68%
less than the average tensile yield stress of the longitudinal reinforcement of Beam VS-12 (𝑓𝑦 = 586 MPa) (Table 6.1 and Table 4.1).
The experimental load carrying capacity of Beam V-S-12 (63 kN) with 𝜌𝑠 = 0.007 was
about 2%, 16% and 24%, respectively less than for Beam V-MG-38 (64 kN) with 𝜌𝑓 =
0.025, Beam V-PGI-38 (75 kN) with 𝜌𝑓 = 0.035 and Beam V-PGT-38 (83 kN)
with 𝜌𝑓 = 0.025 (Table 6.1). The experimental load carrying capacity of Beam V-MG25 (57 kN) with 𝜌𝑓 = 0.016 was about 11%, 24% and 31%, respectively less than for
Beam V-MG-38 (64 kN) with 𝜌𝑓 = 0.025, Beam V-PGI-38 (75 kN) with 𝜌𝑓 =
0.035 and Beam V-PGT-38 (83 kN) with 𝜌𝑓 = 0.025 (Table 6.1). The experimental
load carrying capacity of Beam V-MG-38 (64 kN) with 𝜌𝑓 = 0.025 was about 15%
less than for Beam V-PGI-38 (75 kN) with 𝜌𝑓 = 0.035 (Table 6.1).
The experimental load carrying capacity of Beam V-MG-38 with 𝜌𝑓 = 0.025 was about
23% less than for Beam V-PGT-38 with 𝜌𝑠 = 0.025 due to the low tensile strength of
the longitudinal reinforcement of Beam V-MG-38 (24%) in comparison for Beam VPGT-38 (Table 6.1 and Table 4.1). In addition, Beam V-PGI-38 with 𝜌𝑓 =
0.035 showed an experimental load carrying capacity of about 10% less than for Beam
V-PGT-38 with 𝜌𝑓 = 0.025 because the average tensile strength of the longitudinal
reinforcement of Beam V-PGI-38 (315 MPa) was about 13% less than for Beam VPGT-38 (361 MPa) (Table 6.1 and Table 4.1).
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6.2.2.4 Comparison Based on Types of Concrete
Beam P-S-12, Beam P-MG-25, Beam P-MG-38, Beam P-PGI-38 and Beam P-PGT-38
produced experimental load carrying capacities less than for Beam R-S-12, Beam RMG-25, Beam R-MG-38, Beam R-PGI-38 and Beam R-PGT-38 by 2%, 17%, 25%, 9%
and 16%, respectively (Table 6.1). In addition, Beam V-S-12, Beam V-MG-25, Beam
V-MG-38, Beam V-PGI-38 and Beam V-PGT-38 produced experimental load carrying
capacities less than for Beam R-S-12, Beam R-MG-25, Beam R-MG-38, Beam R-PGI38 and Beam R-PGT-38 by 2%, 3%, 20%, 15% and 14%, respectively (Table 6.1). This
can be attributed to the fact that the average compressive strengths of perlite concrete
(40 MPa) and vermiculite concrete (32 MPa) at the age of testing the RC beams were
less than the average compressive strength of the reference concrete (44 MPa) by 9%
and 27%, respectively (Table 6.1).
6.2.3

Flexural Stiffness and ductility of RC Beams

Flexural stiffness is the resistance of the RC beams against flexural deformation. The
flexural stiffness of the RC beams was calculated using Equation 6.1 (Gere and Goodno,
2013)
𝐸𝐼 =

𝑃𝑎(3𝐿2 − 4𝑎2 )
48 (𝛥exp )

(6.1)

where 𝐸𝐼 is the flexural stiffness of the RC beams (kN.m2), 𝑃 is the experimental load
of the RC beams (kN) which corresponds to the experimental yield load of beams
reinforced with steel bars or the load at the point of either concrete crushing or GFRP
rupture of beams reinforced with GFRP gratings, 𝑎 is the distance from the support to
the nearest point load (0.7 m), 𝐿 is the distance between the supports (span length) (2.1
m) and 𝛥exp is the experimental midspan deflection corresponding to the experimental
load (m). During un-cracked stage (between zero load and first crack load), all the RC
beams displayed similar flexural stiffness behaviour.
The ductility of the RC beams was represented by the energy absorption capacities (E1
and E2). The energy absorption capacities (E1 and E2) represented the area under the
load-midspan deflection curves. Figure 6-4 and Figure 6-5 show a typical method of
calculating energy absorption capacities (E1 and E2) for all the RC beams. For beams
reinforced with steel bars (R-S-12, P-S-12 and V-S-12), E1 is defined as the area of
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elastic region which is the area between the point of origin (point of zero load) and the
yield load (Figure 6-4), whereas E2 is defined as the area of plastic region which is the
area between the yield load and the failure load (Figure 6-4). For beams reinforced with
moulded GFRP gratings or pultruded GFRP gratings, E1 is defined as the area under
curve between the point of origin and the first point of concrete crushing (Figure 6-5),
whereas E2 is defined as the area under curve between the first point of concrete crushing
and the point of failure (Figure 6-5). Beam R-MG-25 did not exhibit energy absorption
capacity E2, because it failed by GFRP rupture, which was a sudden failure.
6.2.3.1 Reference Concrete Beams
Tables 6.2 and 6.3 show the results of the flexural stiffness and the energy absorption
capacity. The flexural stiffness of Beam R-MG-25, Beam R-MG-38, Beam R-PGI-38
and Beam R-PGT-38 was less than for Beam R-S-12 by 83%, 69%, 50% and 53%,
respectively (Table 6.2). The total energy absorption capacities (Etotal) of Beam R-MG25, Beam R-MG-38, Beam R-PGI-38 and Beam R-PGT-38 were also less than for Beam
R-S-12 by 41%, 30%, 18% and 23%, respectively (Table 6.3). This was because the
tensile moduli of elasticity of the longitudinal reinforcement of Beam R-MG-25 (15
GPa), Beam R-MG-38 (16 GPa), Beam R-PGI-38 (24 GPa) and Beam R-PGT-38 (28
GPa) were about 92%, 91%, 87% and 85%, respectively less than for Beam R-S-12
(Table 4.1).
Beam R-MG-25 with 𝜌𝑓 = 1.6% displayed a flexural stiffness less than for Beam RMG-38 with 𝜌𝑓 = 2.5%, Beam R-PGI-38 with 𝜌𝑓 = 3.5% and Beam R-PGT-38
with 𝜌𝑓 = 2.5% by 43%, 65% and 63%, respectively (Table 6.1 and Table 6.2). The
total energy absorption capacity of Beam R-MG-25 with 𝜌𝑓 = 1.6% was also less than
for Beam R-MG-38 with 𝜌𝑓 = 2.5%, Beam R-PGI-38 with 𝜌𝑓 = 3.5% and Beam RPGT-38 with 𝜌𝑓 = 2.5% by 16%, 28% and 24%, respectively (Table 6.1 and Table
6.3). The flexural stiffness and total energy capacity of Beam R-MG-38 with 𝜌𝑓 = 2.5%
were about 38% and 14%, respectively less than for Beam R-PGI-38 with 𝜌𝑓 = 3.5%.
The flexural stiffness and the total energy absorption capacity of Beam R-MG-38 with
𝜌𝑓 = 2.5% were about 35% and 8%, respectively less than for Beam R-PGT-38 with
𝜌𝑓 = 2.5% due to the low tensile modulus of elasticity of the longitudinal
reinforcement of Beam R-MG-38 (43%) in comparison for Beam R-PGT-38.
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Figure 6-4 Typical load-midspan deflection curve for calculating energy absorption
capacity of beams reinforced with steel bars (R-S-12, P-S-12 and V-S-12)

Figure 6-5 Typical load-midspan deflection curve for calculating energy absorption
capacity of beams reinforced with moulded GFRP gratings or pultruded GFRP
gratings
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Beam R-PGT-38 with 𝜌𝑓 = 2.5% exhibited flexural stiffness and total energy
absorption capacity of about 6% and 6%, respectively less than for Beam R-PGI-38
with 𝜌𝑓 = 3.5% (Table 6.1, Table 6.2 and Table 6.3).
6.2.3.2 Perlite Concrete Beams
The flexural stiffness of Beam P-MG-25, Beam P-MG-38, Beam P-PGI-38 and Beam
P-PGT-38 was less than for Beam P-S-12 by 79%, 69%, 47% and 49%, respectively
(Table 6.2). The total energy absorption capacities of Beam P-MG-25, Beam P-MG-38,
Beam P-PGI-38 and Beam P-PGT-38 were also less than for Beam P-S-12 by 48%,
47%, 23% and 42%, respectively (Table 6.3). This can be attributed to the fact that the
tensile moduli of elasticity of the longitudinal reinforcement of Beam P-MG-25 (15
GPa), Beam P-MG-38 (16 GPa), Beam P-PGI-38 (24 GPa) and Beam P-PGT-38 (28
GPa) were about 92%, 91%, 87, and 85%, respectively less than the tensile modulus of
elasticity of the longitudinal reinforcement of Beam P-S-12 (190 GPa) (Table 4.1).
Beam P-MG-25 with 𝜌𝑓 = 1.6% displayed a flexural stiffness less than for Beam PMG-38 with 𝜌𝑓 = 2.5%, Beam P-PGI-38 with 𝜌𝑓 = 3.5% and Beam P-PGT-38 with
𝜌𝑓 = 2.5% by 30%, 60% and 58%, respectively (Table 6.1 and Table 6.2). The total
energy absorption capacity of Beam P-MG-25 with 𝜌𝑓 = 1.6% was also less than for
Beam P-MG-38 with 𝜌𝑓 = 2.5%, Beam P-PGI-38 with 𝜌𝑓 = 3.5% and Beam P-PGT38 with 𝜌𝑓 = 2.5% by 0.2%, 31% and 9%, respectively (Table 6.1 and Table 6.3). The
flexural stiffness and total energy capacity of Beam P-MG-38 with 𝜌𝑓 = 2.5% were
about 43% and 31%, respectively less than for Beam P-PGI-38 with 𝜌𝑓 = 3.5%. Beam
P-MG-38 with 𝜌𝑓 = 2.5 displayed a flexural stiffness and total energy absorption
capacity of about 40% and 9%, respectively, less than for Beam P-PGT-38 with 𝜌𝑓 =
2.5 due to the low tensile modulus of elasticity of the longitudinal reinforcement of
Beam P-MG-38 (43%) in comparison for Beam P-PGT-38 (28 GPa) (Table 6.2, Table
6.3 and Table 4.1). Beam P-PGT-38 with 𝜌𝑓 = 2.5% exhibited flexural stiffness and
total energy absorption capacity of about 4% and 25%, respectively, less than for Beam
P-PGI-38 with 𝜌𝑓 = 3.5% (Table 6.1, Table 6.2 and Table 6.3).
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6.2.3.3 Vermiculite Concrete Beams
The flexural stiffness of Beam V-MG-25, Beam V-MG-38, Beam V-PGI-38 and Beam
V-PGT-38 was less than for Beam V-S-12 by 78%, 71%, 49% and 56%, respectively
(Table 6.2). The total energy absorption capacities (Etotal) of Beam V-MG-25, Beam VMG-38, Beam V-PGI-38 and Beam V-PGT-38 were also less than for Beam V-S-12 by
53%, 49%, 35% and 39%, respectively (Table 6.3). This can be attributed to the fact
that the tensile moduli of elasticity of the longitudinal reinforcement of Beam V-MG25 (15 GPa), Beam V-MG-38 (16 GPa), Beam V-PGI-38 (24 GPa) and Beam V- PGT38 (28 GPa) were about 92%, 91%, 87% and 85%, respectively less than for Beam VS-12 (190 GPa) (Table 4.1).
Beam V-MG-25 with 𝜌𝑓 = 1.6% displayed a flexural stiffness less than for Beam VMG-38 with 𝜌𝑓 = 2.5%, Beam V-PGI-38 𝜌𝑓 = 3.5% and Beam V-PGT-38 𝜌𝑓 =
2.5% by 27%, 58% and 52%, respectively (Table 6.1 and Table 6.2). The total energy
absorption capacity of Beam V-MG-25 with 𝜌𝑓 = 1.6% was also less than for Beam
V-MG-38 with 𝜌𝑓 = 2.5%, Beam V-PGI-38 with 𝜌𝑓 = 3.5% and Beam V-PGT-38
with 𝜌𝑓 = 2.5% by 9%, 28% and 23%, respectively (Table 6.1 and Table 6.3). The
flexural stiffness and the total energy capacity of Beam V-MG-38 with 𝜌𝑓 = 2.5% were
about 42% and 20%, respectively less than for Beam V-PGI-38 with 𝜌𝑓 = 3.5%. The
flexural stiffness and the total energy absorption capacity of Beam V-MG-38 with 𝜌𝑓 =
2.5% were about 34% and 16% less than for Beam V-PGT-38 with 𝜌𝑓 = 2.5% due to
the low the tensile modulus of elasticity of the longitudinal reinforcement of Beam VMG-38 (43%) in comparison for Beam V-PGT-38 (Table 6.2, Table 6.3 and Table 4.1).
Beam V-PGT-38 with 𝜌𝑓 = 2.5% exhibited a flexural stiffness and a total energy
absorption capacity of about 13% and 5%, respectively, less than for Beam V-PGI-38
with 𝜌𝑓 = 3.5% (Table 6.1, Table 6.2 and Table 6.3).
Based on the results presented above, for the RC beams with a close longitudinal
reinforcement ratio (R-MG-38, R-PGT-38, P-MG-38, P-PGT-38, V-MG-38, and VPGT-38), a higher flexural stiffness and a higher total energy absorption capacity were
achieved in-case of the RC beams having a higher tensile elastic modulus for their
longitudinal reinforcement in tension. However, for the RC beams with a similar type
of longitudinal reinforcement in tension and having a close tensile modulus of elasticity
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for their longitudinal reinforcement (R-MG-25, R-MG-38, P-MG-25, P-MG-38, V-MG25, V-MG-38), a higher flexural stiffness and a higher total energy absorption capacity
were achieved in-case of the RC beams having a higher longitudinal reinforcement ratio.
Table 6-2 Results of flexural stiffness of the RC beams
Group

R

P

V

Beam

Experimental
a
load (kN)

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

60.0
59.0
67.0
88.0
83.0
61.0
45.0
57.0
81.0
80.0
61.0
47.0
64.0
75.0
70.0

Midspan
deflection
corresponding to
the experimental
load (mm)
11.5
65.0
42.0
34.0
34.0
12.0
42.0
37.0
30.0
31.0
12.0
43.0
43.0
29.0
31.0

Flexural
stiffness
(kN.m)

857.7
149.2
262.3
425.5
401.3
835.7
176.1
253.3
443.9
424.3
835.7
179.7
244.7
425.2
371.2

Differences
(%) in
comparison
to R
100
100
100
100
100
97
118
97
104
105
97
120
93
99
92

a

Experimental yield load of beams reinforced with steel bars or the load at first point of either concrete
crushing or GFRP rupture of beams reinforced with GFRP gratings.

6.2.4

Modes of Failure of RC Beams

Failure modes of the RC beams are shown in Table 6.4 and Figures 6-6 to 6-9. Typically,
Beam R-S-12, Beam P-S-12 and Beam V-S-12 (beams reinforced with steel bars)
displayed flexural ductile failure within the pure bending region (Table 6.4). The
mechanism of this failure started with the yielding of steel bars (Figure 6-6). Then,
vertical cracks propagated upward to the compression region leading eventually to
concrete crushing failure (Figure 6-7). Only Beam R-MG-25 failed by GFRP rupture
(Figure 6-8 and Table 6.4). The mechanism of this failure started with hairline cracks
that appeared in the tensile pure bending region when the load was about 16% of the
experimental load carrying capacity. These cracks propagated vertically upward to the
compression region and stopped at between 35 mm and 40 mm from the extreme
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compression fibre. Afterwards, these cracks widened gradually with increasing the load,
which resulted in a GFRP rupture failure (Figure 6-8).
Table 6-3 Results of energy absorption capacity for the RC beams
Group
Beam
Energy
Energy
Total energy
absorption
absorption
absorption
E1 (kN.mm) E2 (kN.mm) Etotal (kN.mm)

R

P

V

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

701
2651
1625
1893
2026
696
1216
2000
1434
1431
467
1233
1493
1648
1478

3800
1547
1807
1440
4060
1279
500
2208
1317
4114
912
866
1315
1323

4501
2651
3172
3700
3466
4756
2495
2500
3642
2748
4581
2145
2359
2963
2801

Differences
(%) in
comparison to
R
100
100
100
100
100
106
94
79
98
79
102
81
74
80
81

Figure 6-6 Typical initial failure mode of beams reinforced with steel bars (R-S-12,
P-S-12 and V-S-12)
.
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Figure 6-7 Typical final failure mode of beams reinforced with steel bars (R-S-12, PS-12 and V-S-12)

Figure 6-8 Failure mode of Beam R-MG-25

Figure 6-9 Typical failure mode of beams reinforced with GFRP gratings (R-MG-38,
R-PGI-38, R-PGT-38, P-MG-25, P-MG-38, P-PGI-38, P-PGT-38, V-MG-25, V-MG38, V-PGI-38 and V-PGT-38)
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For the remaining RC beams (R-MG-38, R-PGI-38, R-PGT-38, P-MG-25, P-MG-38,
P-PGI-38, P-PGT-38, V-MG-25, V-MG-38, V-PGI-38 and V-PGT-38), generally,
hairline cracks appeared in the tensile pure bending region when the load was about
20% of the experimental load carrying capacity (Figure 6-9). These cracks propagated
vertically towards the compression region and stopped at between 35 mm and 40 mm
from the extreme compression fibre. When the load reached between 85% and 90% of
the experimental load carrying capacity, two cracks appeared on the top surface within
pure bending at the application of the load in the compression region. This eventually
led to concrete crushing failure (Figure 6-9 and Table 6.4). It can be clearly seen that
the failure of all beams occurred within the pure bending region. This confirmed that
the innovative SCCFRP stirrups showed significant resistance against shear failure.
Appendix A.1 reports the failure modes for all the fifteen RC beams
Table 6-4 Mode of failure for the RC beams
Group

Reference concrete

Perlite concrete

Vermiculite concrete

Beam
R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

Experimental mode of failure
Flexural ductile failure
GFRP rupture failure
Concrete crushing failure
Concrete crushing failure
Concrete crushing failure
Flexural ductile failure
Concrete crushing failure
Concrete crushing failure
Concrete crushing failure
Concrete crushing failure
Flexural ductile failure
Concrete crushing failure
Concrete crushing failure
Concrete crushing failure
Concrete crushing failure

6.3 Behaviour of RC One-way Slabs Under Four-point Bending
6.3.1

Load-Midspan Deflection Curves of RC One-way Slabs

The load-midspan deflection curves of the slabs in the reference concrete group, perlite
concrete group and vermiculite concrete group are shown in Figures 6-10 to 6-12,
respectively. Load-midspan deflection curves of slabs reinforced with steel bars (R-S131

10, P-S-10 and V-S-10) showed three stages. The first stage started from the zero load
(point of origin) up to the experimental yield load (Point a) (Figures 6-10 to 6-12). For
the first stage, a bi-linear behaviour was noticed which showed two different linear
slopes. The first linear slope started from the zero load up to the first crack load (Point
F) (Figures 6-10 to 6-12). The second linear slope started from the first crack load (Point
F) up to the experimental yield load (Point a) (Figures 6-10 to 6-12). The second stage
started from the experimental yield load (Point a) up to the experimental load carrying
capacity (Point b) (Figures 6-10 to 6-12). For the second stage, plastic behaviour with
strain hardening was observed. In other words, the load was slightly increased after the
experimental yield load (Point a) ending up to the experimental load carrying capacity
(Point b) (Figures 6-10 to 6-12). The third stage started from the experimental load
carrying capacity (Point b) down to the point of failure (Point c) (Figures 6-10 to 6-12).
For the third stage, the load was decreased gradually leading to a concrete crushing
failure at Point c when the load dropped between 45% and 55% of the experimental load
carrying capacity (Figures 6-10 to 6-12).

Figure 6-10 Load-midspan deflection curve of RC slabs in the reference concrete
group
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Load midspan deflection curves of Slab R-MG-25, Slab R-MG-38, Slab P-MG-25, Slab
P-MG-38, Slab V-MG-25 and Slab V-MG-38 (slabs reinforced with moulded GFRP
gratings) showed two stages (Figures 6-10 to 6-12). The first stage was a bi-linear
behaviour which showed two different linear slopes. The first linear slope started from
the zero load ending up to the first crack load (Point F), and the second linear slope
started from the first crack load (Point F) ending up to the experimental load carrying
capacity (Figures 6-10 to 6-12). These slabs (R-MG-25, R-MG-38, P-MG-25, P-MG38, V-MG-25 and V-MG-38) did not show a yield point due to the low modulus of
elasticity of their longitudinal reinforcement in tension (moulded GFRP gratings)
compared to steel bars. The second stage started from the experimental load carrying
capacity down to the point of failure with no warning prior to failure (Figures 6-10 to 612).

Figure 6-11 Load-midspan deflection curve of RC slabs in perlite concrete group
Load-midspan deflection curves of Slab R-PGI-38, Slab R-PGT-38, Slab P-PGI-38,
Slab P-PGT-38, Slab V-PGI-38 and Slab V-PGT-38 (slabs reinforced with pultruded
GFRP gratings) showed two stages. The first stage was a bi-linear behaviour which
showed two different linear slopes. The first linear slope started from the zero load
ending up to the first crack load (Point F) (Figures 6-10 to 6-12). The second linear
slope started from the first crack load (Point F) ending up to the experimental load
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carrying capacity (Figures 6-10 to 6-12). These slabs (R-PGI-38, R-PGT-38, P-PGI-38,
P-PGT-38, V-PGI-38 and V-PGT-38) did not show yield point due to the low modulus
of elasticity of their longitudinal reinforcement in tension (pultruded GFRP gratings)
compared to steel bars. The second stage started from the experimental load carrying
capacity which showed a sudden decrease in the load down to about 45% to 55% from
the experimental load carrying capacity due to the concrete crushing as an initial failure
(Figures 6-10 to 6-12). Then, the load was resisted by the longitudinal reinforcement in
tension (pultruded GFRP grating) up to the point where the pultruded GFRP grating was
partially ruptured leading to a significant drop in the load (Figures 6-10 to 6-12). As a
result of this behaviour, Slab R-PGI-38, Slab R-PGT-38, Slab P-PGI-38, Slab P-PGT38, Slab V-PGI-38 and Slab V-PGT-38 exhibited an energy absorption capacities
significantly higher than slabs reinforced with steel bars (R-S-10, P-S-10 and V-S-10)
(Figures 6-10 to 6-12).

Figure 6-12 Load-midspan deflection curve of RC slabs in the vermiculite concrete
group
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6.3.2

Experimental Load Carrying Capacity of RC One-way Slabs

6.3.2.1 Reference Concrete Slabs
The experimental load carrying capacity of Slab R-S-10 with 𝜌𝑠 = 0.01 was less than
for Slab R-MG-25 with 𝜌𝑓 = 0.054, Slab R-MG-38 with 𝜌𝑓 = 0.093, Slab R-PGI-38
with 𝜌𝑓 = 0.13 and Slab R-PGT-38 with 𝜌𝑓 = 0.095 by 15%, 26%, 47% and 47%,
respectively (Table 6.5). The study conducted by Bank el al. (1992) also found that the
slabs reinforced with pultruded GFRP grating showed higher experimental load carrying
capacities than slabs reinforced with steel bars.
Table 6-5 Experimental load carrying capacity of RC Slabs
Group

R

P

V

Slab

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

Concrete
compressive
strength at
the age of
testing slabs
(MPa)
55
55
55
55
55
50
50
50
50
50
55
55
55
55
55

Longitudinal Experimental
reinforcement load carrying
ratio
capacity (kN)

0.010
0.054
0.093
0.130
0.095
0.010
0.054
0.093
0.130
0.095
0.010
0.054
0.093
0.130
0.095

40
47
54
75
76
37
53
55
72
69
40
45
56
74
74

Differences
(%) in
comparison to
R

100
100
100
100
100
93
113
102
96
91
100
96
104
99
97

The experimental load carrying capacity of Slab R-MG-25 with 𝜌𝑓 = 0.054 was less
than for Slab R-MG-38 with 𝜌𝑓 = 0.093, Slab R-PGI-38 with 𝜌𝑓 = 0.13 and Slab RPGT-38 with 𝜌𝑓 = 0.095 by 13%, 37% and 38%, respectively (Table 6.5). The
experimental load carrying capacity of Slab R-MG-38 with 𝜌𝑓 = 0.093 was about 28%
less than for Slab R-PGI-38 with 𝜌𝑓 = 0.13 (Table 6.5). Slab R-PGI-38 with 𝜌𝑓 = 0.13
showed an experimental load carrying capacity very close to Slab R-PGT-38 with 𝜌𝑓 =
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0.095 because the average tensile strength of the longitudinal reinforcement of Slab RPGI-38 was about 13% less than for Slab R-PGT-38 (Table 6.5 and Table 4.1). For same
reason, the experimental load carrying capacity of Slab R-MG-38 with 𝜌𝑓 = 0.093 was
about 29% less than for Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5).
6.3.2.2 Perlite Concrete Slabs
The experimental load carrying capacity of Slab P-S-10 with 𝜌𝑠 = 0.01 was less than
for Slab P-MG-25 with 𝜌𝑓 = 0.054, Slab P-MG-38 with 𝜌𝑓 = 0.093, Slab P-PGI-38
with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 by 30%, 33%, 49% and 46%,
respectively (Table 6.5). The experimental load carrying capacity of Slab P-MG-25
with 𝜌𝑓 = 0.054 was less than for Slab P-MG-38 with 𝜌𝑓 = 0.093, Slab P-PGI-38
with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 by 4%, 26% and 23%,
respectively (Table 6.5). The experimental load carrying capacity of Slab P-MG-38
with 𝜌𝑓 = 0.093 was about 24% less than for Slab P-PGI-38 with 𝜌𝑓 = 0.13 (Table
6.5). Slab P-PGI-38 displayed an experimental load carrying capacity close to Slab PPGT-38 due to the low tensile strength of the longitudinal reinforcement of Slab P-PGI38 (13%) compared to Slab P-PGT-38 (Table 6.5 and Table 4.1). For same reason, the
experimental load carrying capacity of Slab P-MG-38 with 𝜌𝑓 = 0.093 was about 20%
less than for Slab P-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 4.1).
6.3.2.3 Vermiculite Concrete Slabs
The experimental load carrying capacity of Slab V-S-10 with 𝜌𝑠 = 0.01 was less than
for Slab V-MG-25 with 𝜌𝑓 = 0.054, Slab V-MG-38 with 𝜌𝑓 = 0.093, Slab V-PGI-38
with 𝜌𝑓 = 0.13 and Slab V-PGT-38 with 𝜌𝑓 = 0.095 by 11%, 29%, 46% and 46%,
respectively (Table 6.5). The experimental load carrying capacity of Slab V-MG-25
with 𝜌𝑓 = 0.054 was less than for Slab V-MG-38 with 𝜌𝑓 = 0.093, Slab V-PGI-38
with 𝜌𝑓 = 0.13 and Slab V-PGT-38 with 𝜌𝑓 = 0.095 by 20%, 39% and 39%,
respectively (Table 6.5). The experimental load carrying capacity of Slab V-MG-38
with 𝜌𝑓 = 0.093 was about 24% less than for Slab V-PGI-38 with 𝜌𝑓 = 0.13 (Table
6.5). The experimental load carrying capacity of Slab V-PGI-38 with 𝜌𝑓 = 0.130 and
Slab V-PGT-38 with 𝜌𝑓 = 0.095 was similar because the tensile strength of the
longitudinal reinforcement of Slab V-PGI-38 was about 13% less than the tensile
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strength of the longitudinal reinforcement of Slab V-PGT-38 (Table 6.5 and Table 4.1).
Due to the low tensile strength of the longitudinal reinforcement of Slab V-MG-38
(24%) compared to Slab V-PGT-38, the corresponding experimental load carrying
capacity of Slab V-MG-38 with 𝜌𝑓 = 0.093 was about 24% less than for Slab V-PGT38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 4.1).
In general, for the RC one-way slabs with a close longitudinal reinforcement ratio (RMG-38, R-PGT-38, P-MG-38, P-PGT-38, V-MG-38, V-PGT-38), a higher
experimental load carrying capacity was achieved in-case of the RC one-way slabs
having a higher tensile strength for their longitudinal reinforcement in tension.
However, for the RC one-way slabs with the similar type of longitudinal reinforcement
(R-MG-25, R-MG-38, P-MG-25, P-MG-38, V-MG-25, V-MG-38), a higher
experimental load carrying capacity was achieved in-case of the RC one-way slabs
having a higher longitudinal reinforcement ratio. It can be concluded that the
longitudinal reinforcement ratio and the tensile strength of longitudinal reinforcement
had a significant effect on the results of the experimental load carrying capacity.
6.3.2.4 Comparison Based on Types of Concrete
It can be clearly seen that there was a slight difference between the experimental load
carrying capacity of the RC one-way slabs in the reference concrete group (R-S-10, RMG-38, R-PGI-38 and R-PGT-38) and the experimental load carrying capacity of those
corresponding RC one-way slabs in the groups of the perlite concrete and the
vermiculite concrete (P-S-10, P-MG-38, P-PGI-38, P-PGT-38, V-S-10, V-MG-38, VPGI-38 and V-PGT-38) (less than 15%) (Table 6.5). This was because the average
compressive strength of the reference concrete at the age of testing the RC one-way
slabs was similar to the average compressive strength of vermiculite concrete and higher
than the average compressive strength of perlite concrete by 10% (Table 6.5).
6.3.3

Flexural Stiffness of RC One-way Slabs

Flexural stiffness is the resistance of the RC slabs against flexural deformation. Flexural
stiffness (𝐸𝐼) of all RC slabs were calculated using Equation 6.1. Referring to Equation
6.1, 𝐸𝐼 is the flexural stiffness of the RC one-way slabs (kN.m2), 𝑃 is the experimental
load of the RC one-way slabs (kN) which corresponds to either the experimental load
carrying capacity of slabs reinforced with GFRP gratings or the experimental yield load
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of slabs reinforced with steel bars (R-S-10, P-S-10 and V-S-10), 𝑎 is the distance from
the support to the nearest point load (0.35 m), 𝐿 is the distance between the supports
(span length) (1.05 m) and 𝛥exp is the experimental midspan deflection corresponding
to the experimental load (m). All the RC slabs showed close flexural stiffness between
zero load and first crack load.
6.3.3.1 Reference Concrete Slabs
Flexural stiffness results of the RC slabs are reported in Table 6.6. The flexural stiffness
of Slab R-MG-25 with 𝜌𝑓 = 0.054 ,Slab R-MG-38 with 𝜌𝑓 = 0.093, Slab R-PGI-38
with 𝜌𝑓 = 0.13 and Slab R-PGT-38 with 𝜌𝑓 = 0.095 was about 60%, 52%, 19% and
9% respectively, less than for Slab R-S-10 with 𝜌𝑠 = 0.01 (Table 6.5 and Table 6.6).
This can be attributed to the fact that the tensile moduli of elasticity of longitudinal
reinforcement of Slab R-MG-25 (15 GPa), Slab R-MG-38 (16 GPa), Slab R-PGI-38 (24
GPa) and Slab R-PGT-38 (28 GPa) were less than for Slab R-S-10 (190 GPa) by 92%,
91%, 87% and 85% respectively, (Table 4.1).
The flexural stiffness of Slab R-MG-25 with 𝜌𝑓 = 0.054 was about 17%, 51% and 56%,
respectively less than for Slab R-MG-38 with 𝜌𝑓 = 0.093, Slab R-PGI-38 with 𝜌𝑓 =
0.13 and Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.6). The flexural
stiffness of Slab R-MG-38 with 𝜌𝑓 = 0.093 was about 41% less than for Slab R-PGI38 with 𝜌𝑓 = 0.13 (Table 6.5 and Table 6.6). Slab R-MG-38 with 𝜌𝑓 = 0.093 showed
a flexural stiffness of about 47% less than for Slab R-PGT-38 with 𝜌𝑓 = 0.095 due to
the low tensile modulus of elasticity of the longitudinal reinforcement of Slab R-MG38 (43%) in comparison for Slab R-PGT-38 (Table 6.6 and Table 4.1). For same reason,
the flexural stiffness of Slab R-PGI-38 with 𝜌𝑓 = 0.130 was about 10% less than for
Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5, Table 6.6 and Table 4.1).
6.3.3.2 Perlite Concrete Slabs
The flexural stiffness of Slab P-MG-25 with 𝜌𝑓 = 0.054 ,Slab P-MG-38 with 𝜌𝑓 =
0.093, Slab P-PGI-38 with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 was about
56%, 51%, 15% and 4% respectively, less than for Slab P-S-10 with 𝜌𝑠 = 0.01 (Table
6.6). This was because the tensile moduli of elasticity of longitudinal reinforcement of
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Slab P-MG-25, Slab P-MG-38, Slab P-PGI-38 and Slab P-PGT-38 were less than for
Slab P-S-10 (190 GPa) by 92%, 91%, 87% and 85% respectively, (Table 4.1).
The flexural stiffness of Slab P-MG-25 with 𝜌𝑓 = 0.054 was about 10%, 49% and 54%,
respectively less than the flexural stiffness of Slab P-MG-38 with 𝜌𝑓 = 0.093, Slab PPGI-38 with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.6).
The flexural stiffness of Slab P-MG-38 with 𝜌𝑓 = 0.093 was about 43% less than the
flexural stiffness of Slab P-PGI-38 with 𝜌𝑓 = 0.13 (Table 6.5 and Table 6.6). Slab PMG-38 with 𝜌𝑓 = 0.093 displayed a flexural stiffness of about 49% less than for Slab
P-PGT-38 with 𝜌𝑓 = 0.095 because the average tensile modulus of elasticity of
longitudinal reinforcement of Slab P-MG-38 (16 GPa) was about 43% less than for Slab
P-PGT-38 (28 GPa) (Table 6.6 and Table 4.1). Additionally, due to the low tensile
modulus of elasticity of the longitudinal reinforcement of Slab P-PGI-38 (14%) in
comparison for Slab P-PGT-38, the flexural stiffness of Slab R-PGI-38 with 𝜌𝑓 = 0.130
was about 11% less than for Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.6 and Table
4.1).
6.3.3.3 Vermiculite Concrete Slabs
The flexural stiffness of Slab P-MG-25 with 𝜌𝑓 = 0.054 ,Slab P-MG-38 with 𝜌𝑓 =
0.093, Slab P-PGI-38 with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 was about
60%, 52%, 19% and 11% respectively, less than for Slab V-S-10 (Table 6.5 and Table
6.6). This can be attributed to the fact that the tensile moduli of elasticity of longitudinal
reinforcement of Slab V-MG-25 (15 GPa), Slab V-MG-38 (16 GPa), Slab V-PGI-38 (24
GPa) and Slab V-PGT-38 (28 GPa) were less than the tensile modulus of elasticity of
longitudinal reinforcement of Slab V-S-10 (190 GPa) by 92%, 91%, 87% and 85%
respectively, (Table 4.1).
The flexural stiffness of Slab V-MG-25 with 𝜌𝑓 = 0.054 was about 17%, 51% and 55%,
respectively less than the flexural stiffness of Slab V-MG-38 with 𝜌𝑓 = 0.093, Slab VPGI-38 with 𝜌𝑓 = 0.13 and Slab V-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.6).
The flexural stiffness of Slab V-MG-38 with 𝜌𝑓 = 0.093 was about 41% less than the
flexural stiffness of Slab V-PGI-38 with 𝜌𝑓 = 0.13 (Table 6.5 and Table 6.6). The
flexural stiffness of Slab V-MG-38 with 𝜌𝑓 = 0.093 was about 46% less than for Slab
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V-PGT-38 with 𝜌𝑓 = 0.095 due to the low tensile modulus of elasticity of longitudinal
reinforcement of Slab V-MG-38 (43%) compared to Slab V-PGT-38 (Table 6.6 and
Table 4.1). For same reason, the flexural stiffness of Slab V-PGI-38 with 𝜌𝑓 = 0.130
was about 9% less than for Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.6).
In general, for the RC slabs with a close longitudinal reinforcement ratio (R-MG-38, RPGT-38, P-MG-38, P-PGT-38, V-MG-38, V-PGT-38), a higher flexural stiffness was
achieved in-case of the RC slabs having a higher tensile elastic modulus for their
longitudinal reinforcement in tension (Table 6.5 and Table 6.6). However, for the RC
slabs with a similar type of longitudinal reinforcement and having a close tensile
modulus of elasticity for their longitudinal reinforcement in tension (R-MG-25, R-MG38, P-MG-25, P-MG-38, V-MG-25, V-MG-38), a higher flexural stiffness was achieved
in-case of the RC slabs having a higher longitudinal reinforcement ratio (Table 6.5 and
Table 6.6).
Table 6-6 Flexural stiffness results for the RC one-way slabs

Group

R

P

V

Slab

Experimental
load (kN)

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

36.0
47.0
54.0
75.0
76.0
35.0
53.0
55.0
72.0
69.0
37.0
45.0
56.0
74.0
74.0

a

Midspan
deflection
corresponding to
the experimental
load (mm)
8.6
28.0
27.0
22.0
20.0
8.8
30.0
28.0
21.0
18.0
8.9
27.0
28.0
22.0
20.0

a

Flexural
stiffness
(kN.m2)

Differences
(%) in
comparison
to R

86.0
34.0
41.0
70.0
78.0
82.0
36.0
40.0
70.0
79.0
85.0
34.0
41.0
69.0
76.0

100
100
100
100
100
95
106
98
100
101
99
100
100
99
97

Experimental yield load of Slabs reinforced with steel bars or the experimental load carrying
capacity for the remaining slabs
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6.3.4

Ductility Results of RC One-way Slabs

Ductility for the RC one-way slabs was estimated using energy based approach (energy
theory) (Equation 6.2) which was proposed by Naaman and Jeong (1995). This approach
was also used by some previous studies to calculate ductility for RC flexural members
(Alsayed and Alhozaimy 1999; Jo et al. 2004; Hadi and Yuan 2017).
µ𝐸 = 0.5 [

𝐸𝑡
+ 1]
𝐸𝑒

(6.2)

where µ𝐸 is the ductility of the RC one-way slabs, 𝐸𝑡 is the total energy absorption
capacities which were computed by estimating the total area under load-midspan
deflection curve (kN.mm) and 𝐸𝑒 is the elastic energy which was computed by
estimating the area of the elastic behaviour under load-midspan deflection curve
(kN.mm). Figures 6-13 to 6-15 show typical load-midspan deflection curves to calculate
ductility for the RC one-way slabs. Referring to Figures 6-13 to 6-15, the Pf value
represented the failure load of the RC one-way slabs. The failure load (Pf) for all the RC
one-way slabs was taken at the total collapse when the load dropped between 45% and
55% from the experimental load carrying capacity. Referring to Figure 6-13, the
weighted Values 𝑆1, 𝑆2 and 𝑆3 of the one-way slabs reinforced with steel bars (R-S-10,
P-S-10 and V-S-10) were used to estimate the slope of the elastic zone (𝑆) using
Equation 6.3.
𝑆=

𝑃1 𝑆1 + (𝑃2 − 𝑃1 ) 𝑆2 + (𝑃3 − 𝑃2 ) 𝑆3
𝑃3

(6.3)

where 𝑆1, 𝑆2 and 𝑆3 are the slopes of the initial three lines in the load-midspan deflection
curve (Figure 6-13). 𝑃1 , 𝑃2 and 𝑃3 are the loads located at the end of the three Slopes 𝑆1,
𝑆2 and𝑆3 , respectively (Figure 6-13). The 𝑃1 , 𝑃2 and 𝑃3 represent the first crack load,
yield load and the experimental load carrying capacity, respectively (Figure 6-13).
Referring to Figure 6-14 and Figure 6-15, the weighted Values 𝑆1 and 𝑆3 were used to
estimate the slope of the elastic zone (𝑆) for the remaining RC one-way slabs (slabs
reinforced with either moulded GFRP grating or pultruded GFRP grating) using
Equation 6.4.
𝑆=

𝑃1 𝑆1 + (𝑃3 − 𝑃1 ) 𝑆3
𝑃3
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(6.4)

where 𝑆1 and 𝑆3 are the slopes of the initial two lines in the load-midspan deflection
curve. 𝑃1 and 𝑃3 represent loads at the end of the Slopes 𝑆1 and 𝑆3 , respectively (Figure
6-14 and Figure 6-15). The 𝑃1 and 𝑃3 represent the first crack load and the experimental
load carrying capacity, respectively (Figure 6-13 and Figure 6-14). The ductility results
of the RC one-way slabs are reported in Table 6.7.
6.3.4.1 Reference Concrete Slabs
The ductility of Slab R-MG-25 with 𝜌𝑓 = 0.054 and Slab R-MG-38 with 𝜌𝑓 =
0.093 was about 56% and 43%, respectively less than for Slab R-S-10 with 𝜌𝑠 = 0.01
(Table 6.7). This can be attributed to the fact that the tensile moduli of elasticity of
longitudinal reinforcement of Slab R-MG-25 and Slab R-MG-38 were about 92% and
91%, respectively less than for Slab R-S-10 (Table 4.1). Slab R-PGI-38 with 𝜌𝑓 =
0.13 and Slab R-PGT-38 with 𝜌𝑓 = 0.095 provided ductility of about 46% and 14%,
respectively higher than for Slab R-S-10 with 𝜌𝑠 = 0.01 (Table6.5 and Table 6.7). A
similar study conducted by Biddah (2006) showed that the ductility of slabs reinforced
with pultruded GFRP grating were higher than corresponding slabs reinforced with steel
bars.
The ductility of Slab R-MG-25 with 𝜌𝑓 = 0.054 was about 23%, 70% and 61%,
respectively less than the ductility of Slab R-MG-38 with 𝜌𝑓 = 0.093, Slab R-PGI-38
with 𝜌𝑓 = 0.13 and Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.7). The
ductility of Slab R-MG-38 with 𝜌𝑓 = 0.093 was about 61% less than the ductility of
Slab R-PGI-38 with 𝜌𝑓 = 0.13 (Table 6.5 and Table 6.7). Although the longitudinal
reinforcement ratio of Slab R-MG-38 (𝜌𝑓 = 0.093) was very close to the longitudinal
reinforcement ratio of Slab R-PGT-38 (𝜌𝑓 = 0.095) (Table 6.5), the corresponding
ductility of Slab R-MG-38 was about 50% less than for Slab R-PGT-38 (Table 6.7).
This can be attributed to the fact that the tensile modulus of elasticity of longitudinal
reinforcement of Slab R-MG-38 (16 GPa) was about 43% less than for Slab R-PGT-38
(28 GPa) (Table 4.1). The ductility of Slab R-PGI-38 with 𝜌𝑓 = 0.13 was about 28%
higher than for Slab R-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.7).
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Table 6-7 Energy ductility for the RC one-way slabs
Group

R

P

V

Slab

Slope S1

Slope S2

Slope S3

Slope S

Total energy (Et)
(kN.mm)

Elastic energy
(Ee)
(kN.mm)

Energy ductility
µ𝐸

Differences (%)
in comparison
to R

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

14
3.3
11.6
10.4
10.6
5.0
2.3
2.8
5.4
8.8
9.5
5.8
11.3
7.0
6.4

3.4
3.8
3.4
-

0.2
1.4
1.5
3.1
3.3
0.4
1.6
1.7
3.3
3.9
0.4
1.6
1.7
3.0
3.7

4.1
1.5
2.2
3.6
3.9
3.7
1.6
1.8
3.5
4.2
4.2
2.0
2.3
3.4
4.0

954
1086.0
1439.0
5886.0
3321.0
907.0
1125.0
1122.0
6450.0
3426.0
1233.0
945.0
1135.0
4550.0
2689.0

54.0
150.8
150.9
224.9
165.0
53.5
191.4
145.2
229.9
154.7
63.0
130.8
136.4
169.0
121.1

9.3
4.1
5.3
13.6
10.6
9.0
3.4
4.4
14.5
11.6
10.2
4.1
4.7
14.0
11.6

100
100
100
100
100
97
83
83
107
109
110
100
89
103
109
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Figure 6-13 Load-midspan deflection curve to calculate ductility of Slab R-S-10,
Slab P-S-10 and Slab V-S-10
6.3.4.2 Perlite Concrete Slabs
Although the longitudinal reinforcement ratio of Slab P-S-10 (𝜌𝑠 = 0.01) was less than
the longitudinal reinforcement ratios of Slab P-MG-25 (𝜌𝑓 = 0.054) and Slab P-MG38 (𝜌𝑓 = 0.093) by 81% and 89%, respectively (Table 6.5), the corresponding ductility
of Slab P-MG-25 and Slab P-MG-38 was about 62% and 51%, respectively less than for
Slab P-S-10 (Table 6.7). This can be attributed to the fact that the tensile moduli of
elasticity of longitudinal reinforcement of Slab P-MG-25 (15 GPa) and Slab P-MG-38
(16 GPa) were about 92% and 91%, respectively less than the tensile modulus of
elasticity of longitudinal reinforcement of Slab P-S-10 (190 GPa) (Table 4.1). Slab PPGI-38 with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 provided ductility higher
than for Slab P-S-10 with 𝜌𝑠 = 0.01 by 61% and 29%, respectively (Table 6.5 and Table
6.7).
The ductility of Slab P-MG-25 with 𝜌𝑓 = 0.054 was about 23%, 77% and 71%,
respectively less than the ductility of Slab P-MG-38 with 𝜌𝑓 = 0.093, Slab P-PGI-38
with 𝜌𝑓 = 0.13 and Slab P-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.7). The
ductility of Slab P-MG-38 with 𝜌𝑓 = 0.093 was about 70% less than the ductility of
Slab P-PGI-38 with 𝜌𝑓 = 0.13 (Table 6.5 and Table 6.7). Slab P-MG-38 with 𝜌𝑓 =
0.093 displayed a ductility of about 62% less than for Slab P-PGT-38 with 𝜌𝑓 = 0.095
because the tensile modulus of elasticity of longitudinal reinforcement of Slab P-MG144

38 (16 GPa) was about 43% less than for Slab P-PGT-38 (28 GPa) (Table 6.7 and Table
4.1). The ductility of Slab P-PGI-38 with 𝜌𝑓 = 0.13 was about 25% higher than for Slab
P-PGT-38 with 𝜌𝑓 = 0.095 (Table 6.5 and Table 6.7).

Figure 6-14 Load-midspan deflection curve to calculate ductility of Slab R-MG-25,
Slab R-MG-38, Slab P-MG-25, Slab P-MG-38, Slab V-MG-25 and Slab V-MG-38

6.3.4.3 Vermiculite Concrete Slabs
Slab V-MG-25 with 𝜌𝑓 = 0.054 and Slab V-MG-38 with 𝜌𝑓 = 0.093

displayed

ductility of about 60% and 54%, respectively less than for Slab V-S-10 (Table 6.7). This
was because the tensile modulus of elasticity of longitudinal reinforcement of Slab VMG-25 and Slab V-MG-38 less than for Slab V-S-10 by about 92% and 91%,
respectively (Table 4.1). Slab V-PGI-38 (𝜌𝑓 = 0.13) and Slab V-PGT-38 (𝜌𝑓 =
0.095) provided ductility of about 37% and 14%, respectively higher than for Slab VS-10 (𝜌𝑠 = 0.01) (Table 6.5 and Table 6.7). The ductility of Slab V-MG-25 with 𝜌𝑓 =
0.054 was about 13%, 71% and 65%, respectively less than the ductility of Slab V-MG38 with 𝜌𝑓 = 0.093, Slab V-PGI-38 with 𝜌𝑓 = 0.13 and Slab V-PGT-38 with 𝜌𝑓 =
0.095 (Table 6.5 and Table 6.7). The ductility of Slab V-MG-38 with 𝜌𝑓 = 0.093 was
about 66% less than the ductility of Slab V-PGI-38 with 𝜌𝑓 = 0.13 (Table 6.5 and Table
6.6). Although the longitudinal reinforcement ratio of Slab V-MG-38 (𝜌𝑓 = 0.093) was
very close to the longitudinal reinforcement ratio of Slab V-PGT-38 (𝜌𝑓 = 0.095)
(Table 6.5), the corresponding ductility of Slab V-MG-38 was about 59% less than for
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Slab V-PGT-38 (Table 6.7). This can be attributed to the fact that the tensile modulus
of elasticity of longitudinal reinforcement of Slab V-MG-38 (16 GPa) was about 43%
less than for Slab V-PGT-38 (28 GPa) (Table 4.1). The ductility of Slab V-PGI-38
with 𝜌𝑓 = 0.13 was about 21% higher than for Slab V-PGT-38 with 𝜌𝑓 = 0.095 (Table
6.5 and Table 6.7).

Figure 6-15 Load-midspan deflection curve to calculate ductility of Slab R-PGI-38,
Slab R-PGT-38, Slab P-PGI-38, Slab P-PGT-38, Slab V-PGI-38 and Slab V-PGT-38
6.3.4.4 Comparison Based on Type of Concrete
It can be clearly noticed that there were slight differences in the ductility between the
RC one-way slabs in the reference concrete group (R-S-10, R-MG-25, R-MG-38, RPGI-38 and R-PGT-38) and the corresponding RC one-way slabs in the perlite concrete
group (P-S-10, P-MG-25, P-MG-38, P-PGI-38 and P-PGT-38) (Table 6.7). Similarly,
there were slight differences in the ductility between the RC one-way slabs in the
reference concrete group (R-S-10, R-MG-25, R-MG-38, R-PGI-38 and R-PGT-38) and
the corresponding RC one-way slabs in the vermiculite concrete group (P-S-10, P-MG25, P-MG-38, P-PGI-38 and P-PGT-38) (Table 6.7). This can be attributed to the fact
that the average compressive strength of the reference concrete at the day of testing the
RC one-way slabs was similar to the vermiculite concrete and slightly higher than perlite
concrete (only 10%) (Table 6.5). It can be clearly seen that the type of concrete has a
slight effect on the ductility due to the slight differences in the average compressive
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strength between the three types of concrete (reference concrete, perlite concrete and
vermiculite concrete) (Table 6.5 and Table 6.7).
6.3.5

Modes of Failure of RC One-way Slabs

A typical mode of failure for slabs reinforced with steel bars (R-S-10, P-S-10 and V-S10) is shown in Figure 6-16 and Figure 6-17. The slabs reinforced with steel bars (R-S10, P-S-10 and V-S-10) showed flexural ductile failure. The mechanism of this failure
was noticed with the appearance of hairline cracks in tension within the pure bending
region when the load was about 25% of the experimental load carrying capacity. Then,
the steel bars were yielded as an initial failure with exhibiting a strain hardening
behaviour upward to the experimental load carrying capacity (Figure 6-16). Afterwards,
the load was decreased gradually leading to a concrete crushing as a final failure when
the load dropped between 45% and 55% from the experimental load carrying capacity
(Figure 6-17).

Figure 6-16 Initial modes of failure of slabs reinforced with steel bars (R-S-10, P-S10 and V-S-10)
A typical mode of failure for slabs reinforced with moulded GFRP gratings (R-MG-25,
R-MG-38, P-MG-25, P-MG-38, V-MG-25 and V-MG-38) is shown in Figure 6-18. The
slabs reinforced with moulded GFRP gratings (R-MG-25, R-MG-38, P-MG-25, P-MG38, V-MG-25 and V-MG-38) showed concrete crushing failure (Figure 6-18). The
mechanism of this failure was noticed with the appearance of hairline cracks in tension
within the pure bending region when the load was about 15% of the experimental load
carrying capacity. These hairline cracks were propagated vertically towards the
compression side and stopped at the distance between 30 mm and 35 mm from the top
surface. When the load reached up to about 95% of the experimental load carrying

147

capacity, cracks appeared on the top surface of the pure bending region leading to a
concrete crushing failure afterwards (Figure 6-18).

Figure 6-17 Final modes of failure of slabs reinforced with steel bars (R-S-10, P-S10 and V-S-10)
A typical mode of failure for slabs reinforced with pultruded GFRP gratings (R-PGI-38,
R-PGT-38, P-PGI-38, P-PGT-38, V-PGI-38 and V-PGT-38) is shown in Figure 6-19
and Figure 6-20. The slabs reinforced with pultruded GFRP gratings (R-PGI-38, RPGT-38, P-PGI-38, P-PGT-38, V-PGI-38 and V-PGT-38) showed a concrete crushing
as initial failure followed by a partial GFRP rupture as a final failure (Figure 6-19 and
Figure 6-20). The mechanism of this failure was noticed with the appearance of hairline
cracks in tension within the pure bending region when the load was about 30% of the
experimental load carrying capacity. Then, cracks appeared at the top surface within the
pure bending region when the load approached up to about 95% of the experimental
load carrying capacity. Afterwards, a concrete crushing failure occurred as an initial
failure resulting in a decrease in the load between 45% and 55% from the experimental
load carrying capacity (Figure 6-19). Then, the load was resisted by the longitudinal
reinforcement in tension (pultruded GFRP grating) up to the point where the pultruded
GFRP grating was partially ruptured as a final failure (Figure 6-20). Appendix A.2
reports the failure modes for the fifteen RC slabs.

6.4 Cost Comparison for RC Beams and RC Slabs
Table 6-8 and Table 6-9 reports the total cost/Load carrying capacity (T/L) for the RC
beams and RC slabs, respectively. The cost of the reference concrete used in the RC
beams and RC slabs was about $300/m3 (Hanson Construction and Building Materials,
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Figure 6-18 Concrete crushing failure of Slabs R-MG-25, R-MG-38, P-MG-25, PMG-38, V-MG-25 and V-MG-38.

Figure 6-19 Concrete crushing as initial failure of Slabs R-PGI-38, R-PGT-38, PPGI-38, P-PGT-38, V-PGI-38 and V-PGT-38
2017). Based on this, the cost of the reference concrete was almost $24 for each RC
beam and $12 for each RC slab (Table 6-8 and Table 6-9). The cost of the materials
used to produce perlite concrete and vermiculite concrete were $400/tonne for cement,
$100/tonne for sand, $125/tonne for coarse aggregate, $2500/tonne for expanded perlite
and $2500/tonne for expanded vermiculite (Bunnings, 2020; Ausperl , 2015). Based on
this, the cost of perlite concrete was about $46 for each RC beam and $23 for each RC
slab (Table 6-8 and Table 6-9). Additionally, the cost of vermiculite concrete was almost
$42 for each RC beam and $21 for each RC slab (Table 6-8 and Table 6-9).
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Figure 6-20 Total collapses for slabs reinforced with pultruded GFRP gratings (RPGI-38, R-PGT-38, P-PGI-38, P-PGT-38, V-PGI-38 and V-PGT-38)
The cost of the steel bars used in the concrete beams and slabs were about $17 per 6 m
length for Bar N12, $12 per 6 m length for Bar N10, and $10 per 6 m length for Bar R6
(Scott Metals, 2020). The cost of the moulded and pultruded GFRP gratings were
$73/m2 for MG-25, $94.00/m2 for MG-38, $96.00/m2 for PGI-38, and $96.00/m2 for
PGT-38 (American grating, 2015). Therefore, the cost of the steel bars were about $27
for each RC beam and $15 for each RC slab (Table 6-8 and Table 6-9). The cost of
moulded and pultruded GFRP gratings used in each RC beam were nearly $18 for 25
mm depth GFRP gratings (MG-25), $23 for 38 mm depth moulded GFRP gratings, $24
for 38 mm I-section pultruded GFRP gratings, and $24 for T-section pultruded GFRP
gratings (Table 6-8). Additionally, the cost of moulded and pultruded GFRP gratings
used in each RC slab was about $31 for 25 mm depth GFRP gratings (MG-25), $40 for
38 mm depth moulded GFRP gratings, $41 for 38 mm I-section pultruded GFRP
gratings, and $41 for T-section pultruded GFRP gratings (Table 6-9). A comparison in
terms of the T/L was conducted for all RC beams and RC slabs
6.4.1

RC Beams

The T/L of Beam R-S-12 was about 6%, 29%, 39% and 50%, respectively higher than
Beam R-MG-25, Beam R-MG-38, Beam R-PGI-38, and Beam R-PGT-38 (Table 6.8).
Beam R-MG-25 showed a T/L of about 22%, 31% and 42%, respectively higher than
Beam R-MG-38, Beam R-PGI-38, and Beam R-PGT-38 (Table 6.8). Beam R-MG-38
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produced a T/L of nearly 7% and 16%, respectively higher than Beam R-PGI-38, and
Beam R-PGT-38 (Table 6.8). The T/L of Beam R-PGI-38 was almost 8% higher than
Beam R-PGT-38 (Table 6.8).
Table 6-8 Total cost for constructing each RC beam
Group

R*

P*

V*

Beam

Cost of
concrete
($Au)

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

24
24
24
24
24
46
46
46
46
46
42
42
42
42
42

Cost of
longitudinal
reinforcement
($Au)
27
18
23
24
24
27
18
23
24
24
27
18
23
24
24

Total cost
($Au)

Total cost/Load
carrying capacity
(T/L)

48
42
47
48
48
73
64
69
70
70
69
60
65
66
66

0.75
0.71
0.58
0.54
0.50
1.15
1.28
1.15
0.87
0.86
1.09
1.05
1.01
0.88
0.79

* R: reference concrete; P: perlite concrete; V: vermiculite concrete;

The T/L of Beam P-S-12 was very close to Beam P-MG-25, Beam P-MG-38 (less than
10% differences), and higher than Beams P-PGI-38, and P-PGT-38 by about 32% and
34%, respectively (Table 6.8). Beam P-MG-25 showed a T/L of about 11%, 47% and
49%, respectively higher than Beam P-MG-38, Beam P-PGI-38, and Beam P-PGT-38
(Table 6.8). Beam P-MG-38 produced a T/L of nearly 32% and 34%, respectively higher
than Beam P-PGI-38, and Beam P-PGT-38 (Table 6.8). A slight difference in the T/L
between Beam P-PGI-38 and Beam P-PGT-38 (1% difference) was observed (Table
6.8).
The T/L of Beam V-S-12 was about 4%, 8%, 24% and 38%, respectively higher than
Beam V-MG-25, Beam V-MG-38, Beam V-PGI-38, and Beam V-PGT-38 (Table 6.8).
Beam V-MG-25 showed a T/L of about 4%, 19% and 33%, respectively higher than
Beam V-MG-38, Beam V-PGI-38, and Beam V-PGT-38 (Table 6.8). Beam V-MG-38
produced a T/L of almost 15% and 28%, respectively higher than Beam V-PGI-38, and
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Beam V-PGT-38 (Table 6.8). The T/L of Beam V-PGI-38 was almost 11% higher than
Beam V-PGT-38 (Table 6.8).
Regardless the type of concrete, it can be clearly noticed that the beams reinforced with
pultruded GFRP gratings showed a T/L less than the beams reinforced with steel bars
(Table 6-8). This was because the cost of the pultruded GFRP reinforcement used in the
RC beams about 11% less than steel bars (Table 6-8). Corresponding to this, the load
carrying capacity of pultruded GFRP grating RC beams was much higher than the load
carrying capacity of beams reinforced with steel bars (Table 6-1).
Although the perlite and vermiculite concrete beams showed a higher T/L than the
reference concrete beams, the perlite concrete produced a thermal conductivity and unit
weight of 46% and 20%, respectively less than the reference concrete. Additionally, the
vermiculite concrete presented a thermal conductivity and unit weight of 30% and 11%,
respectively less than the reference concrete.
6.4.2

RC Slabs

The T/L of Slab R-S-10 was about 26%, and 30%, respectively less than Slab R-MG25, Slab R-MG-38, and very close to Slab R-PGI-38, and Slab R-PGT-38 (Table 6.9).
Slab R-MG-25 produced a T/L of 5% less than Slab R-MG-38, and about 30% and 32%,
respectively higher than Slab R-PGI-38, and Slab R-PGT-38 (Table 6.9). Slab R-MG38 showed a T/L of about 37% and 39%, respectively higher than Slab R-PGI-38, and
Slab R-PGT-38 (Table 6.9). The T/L of Slab R-PGI-38 agreed well with Slab R-PGT38 (Table 6.9).
The T/L of Slab P-S-10 was close to Slabs P-MG-25, P-MG-38, and higher than Slab PGI-38, and Slab P-PGT-38 by almost 16% and 11%, respectively (Table 6.9). Slab PMG-25 produced a T/L of 11% less than Slab P-MG-38, and almost 15% and 10%,
respectively higher than Slab P-PGI-38, and Slab P-PGT-38 (Table 6.9). Slab P-MG-38
showed a T/L of nearly 30% and 24%, respectively higher than Slab P-PGI-38, and Slab
P-PGT-38 (Table 6.9). The T/L of Slab P-PGI-38 was in a good agreement with Slab PPGT-38 (Table 6.9).
The T/L of Slab V-S-10 was about 22%, and 17%, respectively less than Slab V-MG25, Slab V-MG-38, and higher than Slab V-PGI-38, and Slab V-PGT-38 by about 8%
and 8%, respectively (Table 6.9). Slab V-MG-25 presented a T/L of nearly 6%, 39%
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and 39%, respectively higher than Slab V-MG-38, Slab V-PGI-38, and Slab V-PGT-38
(Table 6.9). Slab V-MG-38 showed a T/L of almost 30% and 30%, respectively higher
than Slab V-PGI-38, and Slab V-PGT-38 (Table 6.9). The T/L of Slab V-PGI-38 was
similar to Slab V-PGT-38 (Table 6.9).
Table 6-9 Total cost for constructing each RC slab
Group

R*

P*

V*

Slab

Cost of
concrete
($Au)

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

12
12
12
12
12
23
23
23
23
23
21
21
21
21
21

Cost of
longitudinal
reinforcement
($Au)
15
31
40
41
41
15
31
40
41
41
15
31
40
41
41

Total cost
($Au)

Total cost/Load
carrying capacity

27
43
52
53
53
38
54
63
64
64
36
52
61
62
62

0.67
0.91
0.96
0.70
0.69
1.02
1.01
1.14
0.88
0.92
0.90
1.15
1.08
0.83
0.83

* R: reference concrete; P: perlite concrete; V: vermiculite concrete; Exp:
Regardless the type of concrete, it can be clearly noticed that the slabs reinforced with
pultruded GFRP gratings showed a T/L close or less than the slabs reinforced with steel
bars (Table 6-9). The reason was that, the load carrying capacity of slabs reinforced with
pultruded GFRP gratings was much higher than the load carrying capacity of slabs
reinforced with steel bars (Table 6-5).
Although the perlite and vermiculite concrete slabs showed higher L/T than the
reference concrete slabs, the quality of perlite concrete and vermiculite concrete in terms
of the thermal conductivity and unit weight was much better than the reference concrete.
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6.5 Summary
This chapter produced results and discussion of the flexural behaviour of fifteen RC
beams and fifteen RC one-way slabs under four-point bending. The results were
discussed based on the influences of the type of concrete, type of longitudinal
reinforcement in tension and the longitudinal reinforcement ratio on the load-midspan
deflection curves, experimental load carrying capacity, flexural stiffness, ductility and
mode of failure. Based on the results discussed in this chapter, the following significant
points were obtained:
 One-way slabs reinforced with pultruded GFRP gratings produced a close flexural
stiffness and higher ductility than the slabs reinforced with steel bars.
 The perlite concrete and vermiculite concrete specimens (RC beams and RC slabs)
produced experimental load carrying capacity, flexural stiffness and ductility almost
similar to the reference concrete specimens (RC beams and RC slabs).


Beams and slabs reinforced with pultruded GFRP gratings showed a less T/L than
beams and slabs reinforced with either steel bars or moulded GFRP gratings.

In chapter 7, analytical study was conducted to predict the yield load, nominal moment
capacity and load-midspan deflection curves for the RC beams and the RC slabs
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7 Analytical Study
7.1 Introduction
This chapter is divided into four main sections. In the first main section, the analytical
yield moment and nominal moment capacities of steel bar reinforced beams and oneway slabs were calculated and compared with the experimental results. In the second
main section, the nominal moment capacities of GFRP grating reinforced beams and
one-way slabs were calculated and compared with the experimental moment capacities.
In the third main section, analytical models were used to predict the load-midspan
deflection curves of the RC beams and RC one-way slabs. These analytical models were
the moment-area integration (Charkas et al., 2003) and the ACI models. In the fourth
main section, the results of the predicted load-midspan deflection curves were reported,
discussed and compared with the experimental load-midspan deflection curves.

7.2 Beams and One-Way Slabs Reinforced with Steel Bars
The yield moment and nominal moment capacities of Beam R-S-12, Beam P-S-12,
Beam V-S-12, Slab R-S-10, Slab P-S-10 and Slab V-S-10 were estimated based on AS
3600 (2009). The precise details and example of estimating the yield moment and the
nominal moment capacities can be found in Appendix B.1 (yield moment of beams
reinforced with steel bars), Appendix B.2 (nominal moment capacities of beams
reinforced with steel bars), Appendix B.3 (yield moment of one-way slabs reinforced
with steel bars) and Appendix B.4 (nominal moment capacities of one-way slabs
reinforced with steel bars).
Table 7.1 reports the experimental moment capacities, analytical yield moment and
nominal moment capacities of the beams reinforced with steel bars. The analytical yield
moment of Beam R-S-12 (21.5 kN.m) was about 2% higher than its experimental yield
moment (21.0 kN.m) (Table 7.1), the analytical yield moment of Beam P-S-12 was
about 1% less than its experimental yield moment (Table 7.1), and the analytical yield
moment of Beam V-S-12 (21.3 kN.m) was similar to its experimental yield moment
(21.3 kN.m) (Table 7.1). The nominal moment capacities of Beams R-S-12, P-S-12 and
V-S-12 were about 100%, 101% and 100% respectively, relative to their experimental
moment capacities (Table 7.1). It can be clearly seen that the analytical yield moment
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and nominal moment capacities of Beams R-S-12, P-S-12 and V-S-12 were very close
to their experimental yield moment and nominal moment capacities (Table 7.1).
Table 7-1 Experimental and nominal moment capacities of RC beams
Group

R*

P*

V*

Beam

Exp.*
yield
moment
(kN.m)

Ana.*yield
moment
(kN.m)

Exp.*
moment
capacity
(kN.m)

Nominal
moment
capacity
(kN.m)

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

21.0
21.3
21.3
-

21.5
21.2
21.3
-

22.3
20.6
28.0
30.8
33.6
22.0
17.5
21.0
28.0
28.3
21.9
19.9
22.4
26.2
29.0

22.4
19.5
22.8
30.7
29.7
22.3
18.0
21.5
29.0
28.5
22.0
17.3
20.1
26.8
25.9

Nominal
moment
capacity/
Exp.*
moment
capacity
1.00
0.95
0.81
1.00
0.88
1.01
1.03
1.02
1.03
1.01
1.00
0.87
0.90
1.02
0.89

* R: reference concrete; P: perlite concrete; V: vermiculite concrete; Exp: experimental; Ana:
analytical.

Table 7.2 reports the experimental moment capacities, analytical yield moment and
nominal moment capacities of one-way slabs reinforced with steel bars. The analytical
yield moments of Slabs R-S-10 (6.6 kN.m), P-S-10 (6.5 kN.m) and V-S-10 (6.6 kN.m)
were about 5%, 7% and 2% respectively, higher than their experimental yield moments
(Table 7.2). The nominal moment capacities of Slabs R-S-10, P-S-10 and V-S-10 were
about 99%, 106% and 99% respectively, relative to their experimental moment
capacities (Table 7.2). It can be noticed that there was a good agreement between the
analytical results (analytical yield moments and nominal moment capacities) and the
experimental results (experimental yield moments and experimental moments
capacities) of the beams and one-way slabs reinforced with steel bars (Table 7.1 and
Table 7.2).
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Table 7-2 Experimental and nominal moment capacities of RC one-way slabs
Group

R*

P*

V*

Slab

Exp.*
yield
moment
(kN.m)

Ana.*
yield
moment
(kN.m)

Exp.*
moment
capacity
(kN.m)

Nominal
moment
capacity
(kN.m)

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

6.3
6.1
6.5
-

6.6
6.5
6.6
-

7.0
8.2
9.5
13.1
13.3
6.5
9.3
9.6
12.6
12.1
7.0
7.9
9.8
12.9
12.9

6.9
7.6
7.4
9.4
10.2
6.9
7.4
7.1
9.1
9.8
6.9
7.6
7.4
9.4
10.2

Nominal
moment
capacity/
Exp.*
moment
capacity
0.99
0.93
0.78
0.72
0.77
1.06
0.80
0.74
0.72
0.81
0.99
0.96
0.76
0.73
0.79

* R: reference concrete; P: perlite concrete; V: vermiculite concrete; Exp: experimental; Ana:
analytical.

7.3 Beams and One-Way Slabs Reinforced with GFRP Gratings
The nominal moment capacities of GFRP grating reinforced beams and one-way slabs
were estimated based on ACI 440 1R (2015). A step by step explanation of how the
nominal moment capacities were calculated, can be found in Appendix C.1 (beams
reinforced with GFRP gratings) and Appendix C.2 (one-way slabs reinforced with
GFRP gratings).
Table 7.1 reports the experimental and nominal moment capacities of beams reinforced
with GFRP gratings. With regards to the beams in the reference concrete group (R), the
nominal moment capacities of Beams R-MG-25, R-MG-38, R-PGI-38 and R-PGT-38
were about 95%, 81%, 100% and 88% respectively, relative to their experimental
moment capacities (Table 7.1). With regards to the beams in the perlite concrete group
(P), the nominal moment capacities of Beams P-MG-25, P-MG-38, P-PGI-38 and PPGT-38 were about 103%, 102%, 103% and 101% respectively, relative to their
experimental moment capacities (Table 7.1). With regards to the beams in the
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vermiculite concrete group, the nominal moment capacities of Beams V-MG-25, VMG-38, V-PGI-38 and V-PGT-38 were about 87%, 90%, 102% and 89% respectively,
relative to their experimental moment capacities (Table 7.1). The beams in the groups
of the reference concrete and vermiculite concrete showed nominal moment capacities
that were close to or slightly less than their experimental moment capacities (Table 7.1),
while the nominal moment capacities of the beams in the group of perlite concrete were
slightly overestimated compared to the experimental moment capacities (Table 7.1).
Table 7.2 reports the experimental and nominal moment capacities of the one-way slabs
reinforced with GFRP gratings. With regards to the one-way slabs in the reference
concrete group, the nominal moment capacities of Slabs R-MG-25, R-MG-38, R-PGI38 and R-PGT-38 were about 93%, 78%, 72% and 77% respectively, relative to their
experimental moment capacities (Table 7.2). With regards to the one-way slabs in the
perlite concrete group, the nominal moment capacities of Slabs P-MG-25, P-MG-38, PPGI-38 and P-PGT-38 were about 80%, 74%, 72% and 81% respectively, relative to
their experimental moment capacities (Table 7.2). With regards to the one-way slabs in
the vermiculite concrete group, the nominal moment capacities of Slabs V-MG-25, VMG-38, V-PGI-38 and V-PGT-38 were about 96%, 76%, 73% and 79% respectively,
relative to their experimental moment capacities (Table 7.2).
Generally, the RC slabs showed an average difference of about 20% between the
experimental and nominal moment capacities. The differences can be due to the use of
reduction factors for concrete compressive strength (𝛼, 𝛾) in the estimation especially a
new type of concrete were used. Based on this, it can be suggested that a correction
factor for the RC slabs of about 20% can be suggested due to the underestimation in the
nominal moment capacities. The underestimation can be acceptable because it provides
a further safety in relation to design requirements.

7.4 Analytical Models for Predicting Load-Midspan Deflection
Curves
7.4.1

Moment-area Integration

The load-midspan deflection curves of the RC beams and the RC one-way slabs were
calculated analytically using the moment-area integration proposed by Charkas et al.
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(2003). The moment-area integration was also used by Smith et al. (2017) to predict the
load-midspan deflection curves of RC one-way slabs strengthened in tension with FRP
plates. In this study, the following assumptions were considered within the framework
of moment-area integration:
1. The ultimate strain of concrete at compression (𝜀𝑐𝑢 ) was taken as 0.003.
2. The tensile yield strain (𝜀𝑠𝑦 ) of the 12 mm diameter steel bars (N12) was equal to
0.0031, while the tensile yield strain (𝜀𝑠𝑦 ) of the 10 mm diameter steel bars (N10)
was equal to 0.0029 (Table 4.1).
3. The concrete moduli of rupture (𝑓𝑟 ) of the reference concrete, perlite concrete, and
vermiculite concrete at the age of testing the RC beams were equal to 3.2 MPa, 2.6
MPa and 2.5 MPa respectively.
4. The concrete moduli of rupture (𝑓𝑟 ) of the reference concrete, perlite concrete, and
vermiculite concrete at the age of testing the RC one-way slabs were equal to 3.5
MPa, 2.8 MPa and 2.9 MPa respectively.
5. The section moment-curvature response of the beams and one-way slabs reinforced
with steel bars was assumed to be trilinear (Figure 7-1). Whereas, the section
moment-curvature response of the beams and one-way slabs reinforced with GFRP
gratings was assumed to be bilinear (Figure 7-2).
6. Tension stiffening before crack initiation was assumed to be higher than tension
stiffening after crack initiation because the flexural rigidity after crack initiation had
decreased from 𝐸𝑐 𝐼𝑔 to 𝐸𝑐 𝐼𝑦 and then to 𝐸𝑐 𝐼𝑛 (Figure 7-1 and Figure 7-2).
7. The gross second moment of area (𝐼𝑔 ) was estimated by 𝐼𝑔 = 𝑏ℎ3 /12.
8. The effective second moment of the area at the yield moment was estimated by 𝐼𝑦 =
𝑀𝑦 /𝐸𝑐 ∅𝑦 .
9. The effective second moment of the area at the nominal moment capacity was
calculated by 𝐼𝑛 = 𝑀𝑛 /𝐸𝑐 ∅𝑛 .
10. The steps used to estimate the yield moment (𝑀𝑦 ) and the corresponding yield
curvature (∅𝑦 ) of the RC beams and RC one-way slabs are reported in Appendix
B.1 and Appendix B.3 respectively.
11. The steps used to estimate the nominal moment capacities (𝑀𝑛 ) and the
corresponding nominal curvature (∅𝑛 ) of beams and one-way slabs reinforced with
steel bars are reported in Appendix B.2 and Appendix B.4 respectively.
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12. The steps used to estimate the nominal moment capacities (𝑀𝑛 ) and the
corresponding nominal curvature (∅𝑛 ) of the beams and the one-way slabs
reinforced with GFRP gratings are reported in Appendix C.1 and Appendix C.2
respectively.
13. The midspan deflection was estimated up to the nominal moment capacity.
The flexural rigidity (𝐸𝐼) of the RC section decreased as the applied moment increased
(Charkas et al. 2003) (Figure 7-1 and Figure 7-2). This reduction can vary along the
span length from 𝐸𝑐 𝐼𝑔 to 𝐸𝑐 𝐼𝑦 and then to 𝐸𝑐 𝐼𝑛 (Figure 7-1 and Figure 7-2) (Charkas
et al. 2003). To calculate the actual variation in flexural rigidity along with the RC
flexural member, the span length was divided into several regions based on its curvature
diagram (Charkas et al. 2003). In this study, the span length of steel bar reinforced beams
and one-way slabs were divided into an uncracked region (the stage before crack
initiation), a cracked region (the stage between crack initiation and yield moment) and
a post yielding region (the stage between yield moment and nominal moment capacity)
(Figure 7-3). Because the GFRP grating reinforced beams and one-way slabs did not
exhibit a yield moment, their span length was divided into an uncracked region (the
stage before crack initiation) and a cracked region (the stage between crack initiation
and nominal moment capacity) (Figure 7-4).

Figure 7-1 Tri-linear moment-curvature behaviour of flexural members reinforced
with steel bars
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Figure 7-2 Bi-linear moment-curvture behaviour of flexural members reinforced with
GFRP gratings

Figure 7-3 Flexural stiffness regions of the beams and one-way slabs reinforced with
steel bars
Because the RC beams and the RC one-way slabs were symmetrical, the midspan
deflection was calculated using the analytical integration along half their span length
(Figure 7-3 and Figure 7-4). The midspan deflections of the beams and one-way slabs
reinforced with steel bars were calculated based on three stages, namely the uncracked
stage, the cracked stage and the post yielding stage, while the midspan deflections of the
beams and one-way slabs reinforced with GFRP gratings were calculated based on two
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stages, namely the uncracked stage and the cracked stage. Referring to Figures 7-3 and
7-4, 𝐿𝑢𝑐 is the length of uncracked region measured from the support, 𝐿𝑦 is the length
of the un-yielded region measured from the support, 𝐿𝑎 is the length of shear span, and
𝐿/2 is the half span length.

Figure 7-4 Flexural stiffness regions of the beams and one-way slabs reinforced with
GFRP gratings
7.4.1.1 Uncracked Stage
The uncracked stage ranged from zero-moment up the cracked moment (𝑀𝑐𝑟 ). The
cracked moment (𝑀𝑐𝑟 ) was calculated using Equation 7.1.
𝑀𝑐𝑟 =

𝑓𝑟 𝐼𝑔
𝑐𝑡

(7.1)

where 𝑓𝑟 is the concrete modulus of rupture at the age of testing the RC beams and the
RC one-way slabs (MPa), 𝑓′𝑐 is the compressive strength of concrete at the age of
testing the RC beams and the RC one-way slabs (MPa), 𝐼𝑔 is the gross second moment
of area (mm4), 𝑏 is the width of concrete cross-section (mm), ℎ is the overall depth of
the concrete cross-section (mm), and 𝑐𝑡 is the distance from the neutral axis to the
extreme tension fibre (mm) (ℎ/2).
Figure 7-5 shows the curvature diagram of the RC beams and RC one-way slabs under
four-point bending during the uncracked stage (Charkas et al., 2003). Referring to
Figure 7-5, 𝐿𝑎 is the length of the shear span (distance from support to the nearest point
load) (mm) and 𝐿/2 is the half span length (mm). The midspan deflection was calculated
from the analytical integration under the curvature diagram of Figure 7-5 by using
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Equation 7.2. The ∅(𝑥) in Equation 7.2 is the curvature at any point along the half span
length.

𝐿/2

∆=∫

(7.2)

𝑥 ∅(𝑥)𝑑𝑥

0

Figure 7-5 Curvature diagram of RC flexural members under four-point bending
during un-cracked stage (Charkas et al., 2003)
The analytical integration of Equation 7.2 was solved by calculating the moment of the
area under the curvature diagram about the hinge support in closed form using the
rectangular and triangular areas of Figure 7-5. The analytical integration of Equation 7.2
resulted in deriving Equation 7.3 which was used to calculate the midspan deflection of
the RC beams and RC one-way slabs from zero load up to the first crack load. The step
by step explanation of how Equation 7.3 was derived, can be found in Appendix D.1.1.
∆= 0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎

(7.3)

where ∆ is the midspan deflection at the load ranging from zero up to the first crack load
(mm), 𝐿 is the span length (distance between supports) (mm), 𝐿𝑎 is the shear span length
(distance from support to the nearest point load) (mm) and ∅𝑎 is the curvature at the
load ranging from zero up to the first crack load (𝑃𝐿𝑎 /2𝐸𝑐 𝐼𝑔 ), 𝐸𝑐 is the concrete
modulus of elasticity which was calculated using Equation 7.4 (AS 3600, 2009).
𝐸 = 𝜌1.5 × 0.043 × √𝑓′𝑐
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(7.4)

where 𝜌 is the bulk density of concrete at the age of testing the RC beams and RC oneway slabs (kg/m3).
7.4.1.2 Cracked Stage
The cracked stage ranged between the cracked moment (𝑀𝑐𝑟 ) and either the yield
moment of steel bar reinforced beams and one-way slabs or the nominal moment
capacity of GFRP grating reinforced beams and one-way slabs. Figure 7-6 shows the
curvature diagram of the RC beams and RC one-way slabs under four-point bending
during the cracked stage (Charkas et al., 2003).

Figure 7-6 Curvature diagram of RC flexural members under four-point bending
during cracked stage (Charkas et al., 2003)
At this stage, the midspan deflection was calculated from the analytical integration
under the curvature diagram of Figure 7-6 using Equation 7.2. The analytical integration
of Equation 7.2 was solved by estimating the moment of area about the hinge support
under the curvature diagram in closed form using the rectangular and triangular areas in
Figure 7-6. The analytical integration resulted in deriving Equation 7.5 to predict the
midspan deflection during the cracked stage. A step by step explanation of how Equation
7.5 was derived, can be found in Appendix D.1.2.
∆ = (0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎 ) + 0.165(𝐿2𝑎 ∅𝑐𝑟 − 𝐿2𝑢𝑐 ∅𝑎 − 𝐿𝑎 𝐿𝑢𝑐 ∅𝑎 +
𝐿𝑎 𝐿𝑢𝑐 ∅𝑐𝑟 )

164

(7.5)

where ∆ is the midspan deflection at the load ranging from the first crack load up to
either the yield load of beams and one-way slabs reinforced with steel bars, or the
nominal load carrying capacity of beams and one-way slabs reinforced with GFRP
gratings (mm), 𝐿 is the span length (mm), 𝐿𝑎 is the shear span length (mm), 𝐿𝑢𝑐 is the
length of uncracked region (mm) which was calculated by 𝐿𝑢𝑐 = 2 𝑀𝑐𝑟 /𝑃 (Charkas et
al., 2003), ∅𝑐𝑟 is the cracked curvature (𝑀𝑐𝑟 /𝐸𝑐 𝐼𝑔 ) and ∅𝑎 is the curvature at the load
ranging from the first crack load up to either the yield load of the beams and one-way
slabs reinforced with steel bars or the nominal load carrying capacity of beams and oneway slabs reinforced with GFRP gratings. The ∅𝑎 of steel bar reinforced beams and oneway slabs were calculated from the linear interpolation between the cracked curvature
(∅𝑐𝑟 ) and yield curvature (∅𝑦 ) in Figure 7-1. Whereas, the ∅𝑎 of GFRP grating
reinforced beams and one-way slabs were calculated from the linear interpolation
between the cracked curvature (∅𝑐𝑟 ) and nominal curvature (∅𝑛 ) in Figure 7-2. On this
basis, the ∅𝑎 of beams and one-way slabs reinforced with either steel bars or GFRP
gratings during cracked stage was calculated using Equation 7.6.

∅𝑎 = [

((𝑀𝑎 − 𝑀𝑐𝑟 )∅𝑥 + (𝑀𝑥 − 𝑀𝑎 )∅𝑐𝑟 )
]
𝑀𝑥 − 𝑀𝑐𝑟

(7.6)

where 𝑀𝑎 is the moment at the load ranging from the first crack load up to either yield
load of steel bar reinforced beams and one-ways slabs or the nominal load carrying
capacity of GFRP grating reinforced beams and one-way slabs (𝑃𝐿𝑎 /2) (N.mm), 𝑀𝑐𝑟
is the cracked moment (N.mm), ∅𝑥 is either the yield curvature (∅𝑦 ) of steel bar
reinforced beams and one-way slabs or the nominal curvature (∅𝑛 ) of GFRP grating
reinforced beams and one-way slabs, 𝑀𝑥 is either the yield moment (𝑀𝑦 ) of steel bar
reinforced beams and one-way slabs or the nominal moment capacity (𝑀𝑛 ) of GFRP
grating reinforced beams and one-way slabs (N.mm), and ∅𝑐𝑟 is the cracked curvature.
7.4.1.3 Post Yielding Stage
This stage was only established for the beams and one-way slabs reinforced with steel
bars. The post yielding stage ranged from the yield moment (𝑀𝑦 ) up to the nominal
moment capacity (𝑀𝑛 ). Figure 7-7 shows the curvature diagram of the beams and oneway slabs reinforced with steel bars during the post yielding stage (Charkas et al., 2003).
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At this stage, the midspan deflection was calculated from the analytical integration
under the curvature diagram of Figure 7-7 using Equation 7.2. The analytical integration
of Equation 7.2 was solved by calculating the moment of the area under the curvature
diagram about the hinge support in closed form using the rectangular and triangular
areas in Figure 7-7. The analytical integration resulted in deriving Equation 7.7 to
predict the midspan deflection during post yielding stage. A step by step explanation of
how Equation 7.7 was derived, can be found in Appendix D.1.3.

Figure 7-7 Curvature diagram of RC flexural members reinforced with steel bars
during post yielding stage (Charkas et al., 2003)

∆ = (0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎 ) + 0.165 𝐿𝑦 (𝐿𝑦 ∅𝑐𝑟 + 𝐿𝑢𝑐 ∅𝑐𝑟 − 𝐿𝑎 ∅𝑎 −
𝐿𝑦 ∅𝑎 ) + 0.165 ∅𝑦 (𝐿2𝑎 + 𝐿𝑎 𝐿𝑦 − 𝐿𝑦 𝐿𝑢𝑐 − 𝐿2𝑢𝑐 )

(7.7)

where ∆ is the midspan deflection at the load ranging from yield load up to the nominal
load carrying capacity (mm), 𝐿, 𝐿𝑎 , 𝐿𝑢𝑐 and ∅𝑐𝑟 are similar to the parameters reported in
Equation 7.5, 𝐿𝑦 is the length of un-yielded region measured from the support (Figure
7-7) (𝐿𝑦 = 2𝑀𝑦 /𝑃) (mm), ∅𝑦 is the yield curvature and ∅𝑎 is the curvature at the load
ranging from yield load up to the nominal load carrying capacity. The ∅𝑎 was calculated
from the linear interpolation between the yield curvature (∅𝑦 ) and nominal curvature
(∅𝑛 ) in Figure 7-1. The linear interpolation resulted in deriving Equation 7.8 to calculate
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the curvature at the load ranging from yield load up to the nominal load carrying capacity
(∅𝑎 ). Appendix D.2 has an example for estimating load-midspan deflection curve of the
RC flexural members using the moment-area integration.

∅𝑎 = [

7.4.2

((𝑀𝑎 − 𝑀𝑦 )∅𝑛 + (𝑀𝑛 − 𝑀𝑎 )∅𝑦 )
𝑀𝑛 − 𝑀𝑦

]

(7.8)

ACI Models for Predicting Midspan Deflection

The midspan deflection of the beams and one-way slabs reinforced with steel bars was
estimated analytically using the modified procedure proposed by Mancuso and Bartlett
(2017). Mancuso and Bartlett (2017) proposed two models for predicting the midspan
deflection of the RC flexural members that have a longitudinal steel reinforcement ratio
of equal to or less than 1%. The first model proposed using Branson equation (Equation
2.4) (Branson, 1965) with the cracked moment computed using half the concrete
modulus of rupture (0.5𝑓𝑟 ). The second model proposed using Bischoff’s equation
(Equation 2.5) (Bischoff, 2005) with the cracked moment computed using two thirds of
the concrete modulus of rupture (0.67𝑓𝑟 ). Both models were used in this study (i.e., the
Branson equation and Bischoff’s equation) to predict the midspan deflection of steel bar
reinforced beams and one-way slabs. The Branson and Bischoff equations can predict
the midspan deflection only up to the yield load because they were derived based on the
assumption that 𝐼𝑒 degrades to the fully cracked section value (𝐼𝑐𝑟 ) upon yielding of
steel bars (Charkas et al., 2003). The midspan deflections of the GFRP grating
reinforced beams and one-way slabs were predicted using the effective second moment
of the area proposed by ACI 440 1R (2015) (Equation 2.11). Appendix E has an example
to explain the procedure for predicting the load-midspan deflection curve using ACI 440
1R (2015).

7.5 Experimental and Predicted Results of Load-midspan Deflection
Curves
7.5.1

Beams and One-Way Slabs Reinforced with Steel Bars

The experimental and predicted load-midspan deflection curves for Beam R-S-12, Beam
P-S-12, Beam V-S-12, Slab R-S-10, Slab P-S-10 and Slab V-S-10 are shown in Figures
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7-8 to 7-13 respectively. The moment-area integration slightly underestimated the
predicted midspan deflections of Beams R-S-12, P-S-12 and V-S-12 by about 8%, 9%
and 7% respectively, less than the experimental midspan deflection at their yield load
(Figures 7-8 to 7-10 and Table 7.3), while the Branson equation produced a higher
underestimation in the midspan deflection for Beams R-S-12, P-S-12 and V-S-12 by
about 15%, 12% and 13% respectively, less than the experimental midspan deflection
at their yield load (Figures 7-8 to7-10 and Table 7.3). Similarly, the Bischoff’s equation
also underestimated the midspan deflection for Beams R-S-12, P-S-12 and V-S-12 by
about 16%, 13% and 13% respectively, less than the experimental midspan deflection
at their yield load (Figures 7-8 to 7-10 and Table 7.3). At the nominal load carrying
capacity, the predicted midspan deflections obtained by the moment-area integration for
Beams R-S-12, P-S-12 and V-S-12 were about 97%, 99% and 100% respectively,
relative to their experimental midspan deflection (Figures 7-8 to 7-10 and Table 7.4).

Figure 7-8 Experimental and predicted load-midspan deflection curve of Beam R-S12
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Figure 7-9 Experimental and predicted load-midspan deflection curve of Beam P-S12

Figure 7-10 Experimental and predicted load-midspan deflection curve of Beam VS-12
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The moment-area integration underestimated the predicted midspan deflection for Slabs
R-S-10, P-S-10 and V-S-10 by about 13%, 7% and 12% respectively, less than the
experimental midspan deflection at their yield load (Figures 7-11 to 7-13 and Table 7.3),
whereas the Branson equation showed a higher underestimation in the midspan
deflection for Slabs R-S-10, P-S-10 and V-S-10 by about 21%, 17% and 19%
respectively, less than the experimental midspan deflection at their yield load (Figures
7-11 to 7-13 and Table 7-3). Similarly, the Bischoff’s equation also underestimated the
midspan deflection of Slabs R-S-10, P-S-10 and V-S-10 by about 22%, 18% and 20%
respectively, less than the experimental midspan deflection at their yield load (Figures
7-11 to 7-13 and Table 7-3). At the nominal load carrying capacity, the moment-area
integration predicted a midspan deflection for Slabs R-S-10, P-S-10 and V-S-10 that
was almost 5%, 4% and 4% respectively, less than their experimental midspan
deflection (Figures 7-11 to 7-13 and Table 7.5).

Figure 7-11 Experimental and predicted load-midspan deflection curve of Slab R-S10
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Figure 7-12 Experimental and predicted load-midspan deflection curve of Slab P-S-10

Figure 7-13 Experimental and predicted load midspan deflection curve of Slab V-S10
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Table 7-3 Experimental and predicted midspan deflection at yield load of beams and
one-way slabs reinforced with steel bars
Group

Beams

Slabs

Specimen

Experimental
(mm)

R-S-12
P-S-12
V-S-12
R-S-10
P-S-10
V-S-10

11.5
12.0
12.0
8.6
8.8
8.9

Momentarea
integration
(mm)
10.6
10.9
11.2
7.5
8.2
7.8

Branson
equation
(mm)

Bischoff
equation
(mm)

9.8
10.6
10.5
6.8
7.3
7.2

9.7
10.5
10.4
6.7
7.2
7.1

The results presented above showed that the predicted midspan deflections obtained by
the moment-area integration were closer to the experimental midspan deflection than
the midspan deflection predicted by the ACI models (Branson equation and Bischoff
equation) (Figures 7-8 to 7-10). This occurred because the moment-area integration
calculated the midspan deflection based on the actual variation in stiffness along with
the RC flexural members, while the ACI models (Branson equation and Bischoff
equation) predicted the midspan deflections using a semi-empirical equation (effective
second moment of area equation) (Charkas et al. 2003). The beams and one-way slabs
tested in this study were designed with a low steel longitudinal reinforcement ratio
(0.7% and 1%). This can affect the bond between the steel bars and the concrete, which
resulted in a slight underestimation in the predicted midspan deflection compared to the
experimental midspan deflection.
7.5.2

Beams Reinforced with GFRP Gratings

The experimental and predicted midspan deflections corresponding to the nominal load
carrying capacity of all the RC beams are reported in Table 7.4. With regards to the
beams in the reference concrete group, the midspan deflection obtained by the momentarea integration generally was in a good agreement with the experimental midspan
deflection for Beams R-MG-25, R-MG-38, R-PGI-38 and R-PGT-38 which was about
97%, 102%, 93% and 95% respectively, relative to the experimental midspan deflection
at their nominal load carrying capacities (Figures 7-14 to 7-17 and Table 7.4). However,
ACI 440 1R (2015) underestimated the predicted midspan deflection for Beams RMG-25, R-MG-38, R-PGI-38 and R-PGT-38 by about 21%, 5%, 17% and 14%
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respectively, less than the experimental midspan deflection at their nominal load
carrying capacities (Figures 7-14 to 7-17 and Table 7.4).
Table 7-4 Experimental and predicted midspan deflection at nominal load carrying
capacity of RC beams
Group

R*

P*

V*

Beam

R-S-12
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-12
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-12
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

Nominal load
carrying
capacity
(kN)
64.0
55.7
65.1
87.7
84.9
63.7
51.4
61.4
82.9
81.4
62.9
49.4
57.4
76.6
74.0

Experimental
Midspan
deflection
(mm)
39.0
60.0
41.1
33.6
35.0
37.0
44.0
42.0
30.5
32.0
32.4
45.5
40.0
30.0
35.3

Momentarea
integration
(mm)
38.0
58.1
42.0
31.1
33.4
37.4
41.1
40.5
28.8
31.8
32.4
47.0
39.4
28.2
30.6

ACI 440
1R (2015)
(mm)
47.5
39.0
28.0
30.0
40.1
37.9
27.2
30.1
44.0
36.3
25.4
27.4

* R: reference concrete; P: perlite concrete; V: vermiculite concrete.

Regarding the beams in the perlite concrete group, the moment-area integration showed
a very accurate predicted midspan deflection for Beam P-PGT-38 (Figure 7-21), but the
moment-area integration slightly underestimated the predicted midspan deflections for
Beams P-MG-25, P-MG-38 and P-PGI-38 by about 7%, 4% and 6% respectively, less
than the experimental midspan deflection at their nominal load carrying capacities
(Figures 7-18 to 7-20 and Table 7.4), whereas ACI 440 1R (2015) showed higher
underestimation in the midspan deflection for Beams P-MG-25, P-MG-38, P-PGI-38
and P-PGT-38 by about 9%, 10%, 11% and 6% respectively, less than the experimental
midspan deflection at their nominal load carrying capacities (Figures 7-18 to 7-21 and
Table 7.4).
With regards to the beams in the vermiculite concrete group, the moment-area
integration slightly overestimated the predicted midspan deflection for Beam V-MG-25
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(3%) at its nominal load carrying capacity, while ACI 440 1R (2015) underestimated
the predicted midspan deflection for Beam V-MG-25 by about 3% less than the
experimental midspan deflection at its nominal load carrying capacity (Figure 7-22 and
Table 7.4). The moment-area integration slightly underestimated the predicted midspan
deflection for Beams V-MG-38 and V-PGI-38 by about 2% and 6% respectively, less
than the experimental midspan deflection at their nominal load carrying capacity (Figure
7-23, Figure 7-24 and Table 7.4), whereas ACI 440 1R (2015) showed a higher
underestimation in the predicted midspan deflection for Beams V-MG-38 and V-PGI38 by about 9% and 15 respectively, less than the experimental midspan deflection at
their nominal load carrying capacities (Figure 7-23, Figure 7-24 and Table 4.1). The
moment-area integration and ACI 440 1R (2015) underestimated the midspan deflection
for Beam V-PGT-38 by about 13% and 22% respectively, less than the experimental
midspan deflection at its nominal load carrying capacity (74 kN) (Figure 7-25 and Table
7.4) because cracks appeared on the top surface of this beam (Beam V-PGT-38) at a
load of 63 kN; this resulted in a sudden increase in the experimental midspan deflection,
and led to an underestimation in the predicted midspan deflection at its nominal load
carrying capacity (74 kN) (Figure 7-25).

Figure 7-14 Experimental and predicted load-midspan deflection curve of Beam RMG-25

174

Figure 7-15 Experimental and predicted load-midspan deflection curve of Beam RMG-38

Figure 7-16 Experimental and predicted load-midspan deflection curve of Beam RPGI-38
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Figure 7-17 Experimental and predicted load-midspan deflection curve of Beam RPGT-38

Figure 7-18 Experimental and predicted load-midspan deflection curve of Beam PMG-25
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Figure 7-19 Experimental and predicted load-midspan deflection curve of Beam PMG-38

Figure 7-20 Experimental and predicted load-midspan deflection curve of Beam PPGI-38
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Figure 7-21 Experimental and predicted load-midspan deflection curve of Beam PPGT-38

Figure 7-22 Experimental and predicted load-midspan deflection curve of Beam VMG-25
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Figure 7-23 Experimental and predicted load-midspan deflection curve of Beam VMG-38

Figure 7-24 Experimental and predicted load-midspan deflection curve of Beam VPGI-38
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Figure 7-25 Experimental and predicted load-midspan deflection curve of Beam VPGT-38
The results presented above showed that the moment-area integration predicted the
midspan deflection more accurately than ACI 440 1R (2015) because the moment-area
integration estimated the midspan deflection based on the actual variation in stiffness
(𝐸𝐼) along with the flexural members (Charkas et al. 2003). However, ACI 440 1R
(2015) predicted the midspan deflection of a cracked section using a stiffness variation
parameter (𝛾) in a semi-empirical equation (effective second moment of area).
7.5.3

One-Way Slabs Reinforced with GFRP Gratings

The experimental and predicted midspan deflection corresponding to the nominal load
carrying capacity of all the RC one-way slabs are reported in Table 7.5. With regards to
the slabs in the reference concrete group, the moment-area integration accurately
predicted the midspan deflection of Slabs R-MG-25 and R-MG-38, but slightly
overestimated the midspan deflection of Slabs R-PGI-38 (3%) and R-PGT-38 (3%) at
their nominal load carrying capacities (Figures 7-26 to 7-29 and Table 7.5). However,
ACI 440 1R (2015) underestimated the midspan deflection of Slabs R-MG-25, R-MG38, R-PGI-38 and R-PGT-38 by about 12%, 14%, 11% and 10% respectively, less than
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the experimental midspan deflection at their nominal load carrying capacities (Figures
7-26 to 7-29 and Table 7.5).
Table 7-5 Experimental and predicted midspan deflection at nominal load carrying
capacity of RC one-way slabs
Group

R*

P*

V*

Slab

Nominal load
carrying
capacity (kN)

R-S-10
R-MG-25
R-MG-38
R-PGI-38
R-PGT-38
P-S-10
P-MG-25
P-MG-38
P-PGI-38
P-PGT-38
V-S-10
V-MG-25
V-MG-38
V-PGI-38
V-PGT-38

39.4
43.4
42.3
53.7
58.3
39.4
42.2
40.6
52.0
56.0
39.4
43.4
42.3
53.7
58.3

Experimental
midspan
deflection
(mm)
22.0
26.9
23.7
16.5
16.8
24.0
26.0
22.8
16.8
16.9
23.0
26.0
23.3
16.7
17.0

Momentarea
integration
(mm)
23.1
26.4
23.6
17.0
17.3
25.0
26.3
23.1
17.3
17.2
23.9
26.6
23.7
17.1
17.3

ACI 440
1R (2015)
(mm)
23.7
20.3
14.7
15.1
24.9
21.5
16.0
15.5
24.7
21.5
15.7
16.0

* R: reference concrete; P: perlite concrete; V: vermiculite concrete.

Regarding the one-way slabs in the perlite concrete group, the moment-area integration
slightly overestimated the midspan deflection for Slabs P-MG-25, P-MG-38, P-PGI-38
and P-PGT-38 by about 1%, 1%, 3% and 2% respectively, higher than the experimental
midspan deflection at their nominal load carrying capacities (Figures 7-30 to 7-33 and
Table 7.5). In contrast, ACI 440 1R (2015) underestimated the midspan deflection of
Slabs P-MG-25, P-MG-38, P-PGI-38 and P-PGT-38 by about 4%, 6%, 5% and 8%
respectively, less than the experimental midspan deflection at their nominal load
carrying capacities (Figures 7-30 to 7-33 and Table 7.5). With regards to the one-way
slabs in the vermiculite concrete group, the moment-area integration slightly
overestimated the midspan deflections for Slabs V-MG-25, V-MG-38, V-PGI-38 and
V-PGT-38 by about 2%, 2%, 2% and 2% respectively, less than the experimental
midspan deflection at their nominal load carrying capacity (Figures 7-34 to 7-37 and
Table 7.5). However, ACI 440 1R (2015) underestimated the midspan deflections for
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Slabs V-MG-25, V-MG-38, V-PGI-38 and V-PGT-38 by about 5%, 8%, 6% and 6%
respectively, less than the experimental midspan deflection at their nominal load
carrying capacities (Figures 7-34 to 7-37 and Table 7.5).

Figure 7-26 Experimental and predicted load-midspan deflection curve of Slab RMG-25

The results reported above showed that the moment-area integration predicted the
midspan deflection more accurately than ACI 440 1R (2015) because the moment-area
integration predicted the midspan deflection based on the actual variation in stiffness
distributed along the members (Charkas et al. 2003), whereas ACI 440 1R (2015)
predicted the midspan deflection of a cracked section using a stiffness variation
parameter (𝛾) in a semi-empirical equation (effective second moment of area equation).
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Figure 7-27 Experimental and predicted load-midspan deflection curve of Slab RMG-38

Figure 7-28 Experimental and predicted load-midspan deflection curve of Slab RPGI-38
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Figure 7-29 Experimental and predicted load-midspan deflection curve of Slab RPGT-38

Figure 7-30 Experimental and predicted load-midspan deflection curve of Slab PMG-25
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Figure 7-31 Experimental and predicted load-midspan deflection curve of Slab PMG-38

Figure 7-32 Experimental and predicted load-midspan deflection curve of Slab PPGI-38
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Figure 7-33 Experimental and predicted load-midspan deflection curve of Slab PPGT-38

Figure 7-34 Experimental and predicted load-midspan deflection curve of Slab VMG-25
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Figure 7-35 Experimental and predicted load-midspan deflection curve of Slab VMG-38

Figure 7-36 Experimental and predicted load-midspan deflection curve of Slab VPGI-38
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Figure 7-37 Experimental and predicted load-midspan deflection curve of Slab VPGT-38

7.6 Summary
In this chapter, the yield moment and the nominal moment capacities of the RC beams
and RC one-way slabs were calculated and compared with the experimental results. In
addition, analytical models including the moment-area integration and ACI models
predicted the load-midspan deflection curves for all the RC beams and RC one-way
slabs. The load-midspan deflection curves predicted by the analytical models (momentarea integration; ACI 318, 2017; ACI 440, 2015) were compared with the experimental
load-midspan deflection curves. Based on the results reported in this chapter, the
following main points were obtained:

1. There was a good agreement between the experimental and analytical yield moment
and nominal moment capacities of steel bar reinforced beams and one-way slabs.
2. The nominal moment capacities of GFRP grating reinforced one-way slabs were
desirable because they were less than the experimental moment capacities.
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3. The experimental moment capacities of beams reinforced with GFRP gratings were
higher than their nominal moment capacities except for the perlite concrete beams
which showed a very slight overestimation in the nominal moment capacities
compared to the experimental moment capacities.
4. Branson and Bischoff equations (ACI 318, 2017) underestimated the midspan
deflections of steel bar reinforced beams and one-way slabs from 12% to 16%, in
comparison to the experimental midspan deflection at the yield load.
5. The ACI 440 1R (2015) underestimated the predicted midspan deflection for GFRP
grating reinforced beams and one-way slabs from 4% to 22% in comparison to the
experimental midspan deflection at the nominal load carrying capacity.
6. The moment-area integration produced a midspan deflection that was closer to the
experimental midspan deflection than the midspan deflection predicted by the ACI
models (ACI 318 2017 and ACI 440 1R 2015) at both the yield load and the nominal
load carrying capacity.
7. The moment-area integration predicted the midspan deflections at any applied load
more accurately than the ACI models (ACI 318 2017 and ACI 440 1R 2015) because
the moment-area integration calculated the midspan deflection based on the actual
variation in stiffness distributed along the member, while the ACI models predicted
the midspan deflection based on a semi-empirical equation (second moment of area
equation).
8. The moment-area integration model can be considered as a novel solution to predict
the load mid-span deflections because the RC beams were newly proposed by
combining new types of lightweight concrete and reinforcements.
Chapter 8 reports the conclusions and recommendations for the entire thesis.
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8 Conclusions and Recommendations
This chapter is divided into two parts including the conclusions in the first part and the
recommendations in the second part.

8.1 Conclusions
Based on the experimental and analytical investigations conducted in this study, the
following conclusions can be obtained:
 Perlite concrete produced a compressive strength at 28-day (36 MPa) similar to the
reference concrete with a corresponding bulk density of 20% less than the reference
concrete
 Due to the high pozzolanic activity, each of perlite concrete and vermiculite concrete
provided an increment in the later age strength (56-day) higher than the increment
produced by the reference concrete.
 Perlite concrete and vermiculite concrete produced a thermal conductivity of about
46% and 30%, respectively less than the thermal conductivity of the reference
concrete.
 The use of the moulded GFRP grating mesh as a reinforcement in concrete specimens
led to a further reduction in the thermal conductivity of concrete from 7% to 28%
compared to specimens without reinforcement.
 Beams and one-way slabs reinforced with pultruded GFRP gratings produced an
experimental load carrying capacities higher than the experimental load carrying
capacities of beams and one-way slabs reinforced with steel bars.
 The one-way slabs reinforced with pultruded GFRP gratings produced a ductility
higher than the slabs reinforced with steel bars
 The failure of the RC beams and the RC one-way slabs occurred within pure bending
regions, and no shear cracks were observed within shear span length. This confirmed
the high resistance of the innovative SCCRP stirrups against shear failure


Beams and slabs reinforced with pultruded GFRP gratings showed a less T/L than
beams and slabs reinforced with either steel bars or moulded GFRP gratings.
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 For the RC beams and RC one-way slabs, the moment-area integration produced a
predicted load-midspan deflection curve that was closer to the experimental midspan
deflection than the midspan deflection predicted by the ACI models.
 It can be suggested that the perlite concrete and vermiculite concrete reinforced with
pultruded GFRP grating can be considered a successful alternative to the normal
weight concrete reinforced with steel bars.

8.2 Recommendations
Based on the investigations achieved in this study, the following points for future studies
can be recommended:
1. Similar studies can be conducted about the effect of perlite concrete and vermiculite
concrete on the behaviour of reinforced concrete columns.
2. The effect of expanded perlite and expanded vermiculite on Geo-polymer concrete
can be investigated to design a lightweight structural Geo-polymer concrete.
3. The shear behaviour of the innovative SCCFRP stirrups constructed in this study can
be investigated by using these types of stirrups in concrete beams with different
spacing.
4. Due to the lack of using moulded and pultruded GFRP gratings in concrete beams,
more studies are also needed to provide sufficient information into the behaviour of
GFRP gratings reinforced concrete beams.
5. A study for more trial mixes can be conducted by replacing the cement for Mixes P3-3 and V-3-3 with silica fume in different rates.
6. Microstructural observations and physio-chemical analysis can be conducted for all
the types of reinforcement used in this study.
7. Numerical modelling such as finite element modelling can be considered to provide

more justifications for the predicted results in Chapter 7
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APPENDIX A: RC Beams and One-Way RC Slabs
A.1 Details of Cross-Section and Failure Modes of the RC Beams
A.1.1 Beam R-S-12 (reference concrete beam reinforced with steel bars)
𝑓′𝑐 = 44 MPa, 𝑏 = 160 mm, 𝑑 = 184 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑠𝑡 = 220 mm2, 𝐴𝑠𝑐 = 56
mm,𝜌𝑓 = 0.007, 𝑓𝑦 = 586 MPa, 𝐸𝑠𝑡 = 190000 MPa, 𝐸𝑠𝑐 = 211000 MPa, L-span=2100
mm.

A.1.2 Beam R-MG-25 (reference concrete beam reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 44 MPa, 𝑏 = 160 mm, 𝑑 = 174 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 450 mm2, 𝐴𝑓𝑐 = 56
mm,𝜌𝑓 = 0.016, 𝑓𝑓𝑢 = 190 MPa, 𝐸𝑓𝑡 = 15000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.
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A.1.3 Beam R-MG-38 (reference concrete beam reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 44 MPa, 𝑏 = 160 mm, 𝑑 = 171 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 684 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.025, 𝑓𝑓𝑢 = 275 MPa, 𝐸𝑓𝑡 = 16000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.

A.1.4 Beam R-PGI-38 (reference concrete beam reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 44 MPa, 𝑏 = 160 mm, 𝑑 = 171 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 960 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.035, 𝑓𝑓𝑢 = 315 MPa, 𝐸𝑓𝑡 = 24000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.
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A.1.5 Beam R-PGT-38 (reference concrete beam reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 44 MPa, 𝑏 = 160 mm, 𝑑 = 174 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 696 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.025, 𝑓𝑓𝑢 = 360 MPa, 𝐸𝑓𝑡 = 28000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.

A.1.6 Beam P-S-12 (perlite concrete beam reinforced with steel bars)
𝑓′𝑐 = 40 MPa, 𝑏 = 160 mm, 𝑑 = 184 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑠𝑡 = 220 mm2, 𝐴𝑠𝑐 = 56
mm, 𝜌𝑓 = 0.007, 𝑓𝑦 = 586 MPa, 𝐸𝑠𝑡 = 190000 MPa, 𝐸𝑠𝑐 = 211000 MPa, L-span=2100
mm.
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A.1.7 Beam P-MG-25 (perlite concrete beam reinforced with moulded GFRP gratings)
𝑓′𝑐 = 40 MPa, 𝑏 = 160 mm, 𝑑 = 174 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 450 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.016, 𝑓𝑓𝑢 = 190 MPa, 𝐸𝑓𝑡 = 15000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.

A.1.8 Beam P-MG-38 (perlite concrete beam reinforced with moulded GFRP gratings)
𝑓′𝑐 = 40 MPa, 𝑏 = 160 mm, 𝑑 = 171 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 684 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.025, 𝑓𝑓𝑢 = 275 MPa, 𝐸𝑓𝑡 = 16000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.
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A.1.9 Beam P-PGI-38 (perlite concrete beam reinforced with pultruded GFRP gratings)
𝑓′𝑐 = 40 MPa, 𝑏 = 160 mm, 𝑑 = 171 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 960 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.035, 𝑓𝑓𝑢 = 315 MPa, 𝐸𝑓𝑡 = 24000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.

A.1.10 Beam P-PGT-38 (perlite concrete beam reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 40 MPa, 𝑏 = 160 mm, 𝑑 = 174 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 696 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.025, 𝑓𝑓𝑢 = 360 MPa, 𝐸𝑓𝑡 = 28000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.
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A.1.11 Beam V-S-12 (vermiculite concrete beam reinforced with steel bars)
𝑓′𝑐 = 32 MPa, 𝑏 = 160 mm, 𝑑 = 184 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑠𝑡 = 220 mm2, 𝐴𝑠𝑐 = 56
mm, 𝜌𝑓 = 0.007, 𝑓𝑦 = 586 MPa, 𝐸𝑠𝑡 = 190000 MPa, 𝐸𝑠𝑐 = 211000 MPa, L-span=2100
mm.

A.1.12 Beam V-MG-25 (vermiculite concrete beam reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 32 MPa, 𝑏 = 160 mm, 𝑑 = 174 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 450 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.016, 𝑓𝑓𝑢 = 190 MPa, 𝐸𝑓𝑡 = 15000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.
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A.1.13 Beam V-MG-38 (vermiculite concrete beam reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 32 MPa, 𝑏 = 160 mm, 𝑑 = 171 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 684 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.025, 𝑓𝑓𝑢 = 275 MPa, 𝐸𝑓𝑡 = 16000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.

A.1.14 Beam V-PGI-38 (vermiculite concrete beam reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 32 MPa, 𝑏 = 160 mm, 𝑑 = 171 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 960 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.035, 𝑓𝑓𝑢 = 315 MPa, 𝐸𝑓𝑡 = 24000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.

208

A.1.15 Beam V-PGT-38 (vermiculite concrete beam reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 32 MPa, 𝑏 = 160 mm, 𝑑 = 174 mm, 𝑑𝑓𝑐 = 23 mm, 𝐴𝑓𝑡 = 696 mm2, 𝐴𝑓𝑐 = 56
mm, 𝜌𝑓 = 0.025, 𝑓𝑓𝑢 = 360 MPa, 𝐸𝑓𝑡 = 28000 MPa, 𝐸𝑓𝑐 = 54000 MPa, L-span =
2100 mm.
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A.2 Details of Cross-Section and Failure Modes of One-Way RC Slabs
A.2.1 Slab R-S-10 (reference concrete slab reinforced with steel bars)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 60 mm, 𝐴𝑠𝑡 = 240 mm2,𝜌𝑓 = 0.01, 𝑓𝑦 = 510 MPa,
𝐸𝑠𝑡 = 203000 MPa, L-span=1050 mm.

A.2.2 Slab R-MG-25 (reference concrete slab reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 52.5 mm, 𝐴𝑓𝑡 = 1125 mm2,𝜌𝑓 = 0.054, 𝑓𝑓𝑢 = 190
MPa, 𝐸𝑓𝑡 = 15000 MPa, L-span=1050 mm.

210

A.2.3 Slab R-MG-38 (reference concrete slab reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 46 mm, 𝐴𝑓𝑡 = 1710 mm2,𝜌𝑓 = 0.093, 𝑓𝑓𝑢 = 275
MPa, 𝐸𝑓𝑡 = 16000 MPa, L-span=1050 mm.

A.2.4 Slab R-PGI-38 (reference concrete slab reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 46 mm, 𝐴𝑓𝑡 = 2400 mm2,𝜌𝑓 = 0.130, 𝑓𝑓𝑢 = 315
MPa, 𝐸𝑓𝑡 = 24000 MPa, L-span=1050 mm.
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A.2.5 Slab R-PGT-38 (reference concrete slab reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 49 mm, 𝐴𝑓𝑡 = 1856 mm2,𝜌𝑓 = 0.095, 𝑓𝑓𝑢 = 360
MPa, 𝐸𝑓𝑡 = 28000 MPa, L-span=1050 mm.

A.2.6 Slab P-S-10 (perlite concrete slab reinforced with steel bars)
𝑓′𝑐 = 50 MPa, 𝑏 = 400 mm, 𝑑 = 60 mm, 𝐴𝑠𝑡 = 240 mm2,𝜌𝑓 = 0.01, 𝑓𝑦 = 510 MPa,
𝐸𝑠𝑡 = 203000 MPa, L-span=1050 mm.
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A.2.7 Slab P-MG-25 (perlite concrete slab reinforced with moulded GFRP gratings)
𝑓′𝑐 = 50 MPa, 𝑏 = 400 mm, 𝑑 = 52.5 mm, 𝐴𝑓𝑡 = 1125 mm2,𝜌𝑓 = 0.054, 𝑓𝑓𝑢 = 190
MPa, 𝐸𝑓𝑡 = 15000 MPa, L-span=1050 mm.

A.2.8 Slab P-MG-38 (perlite concrete slab reinforced with moulded GFRP gratings)
𝑓′𝑐 = 50 MPa, 𝑏 = 400 mm, 𝑑 = 46 mm, 𝐴𝑓𝑡 = 1710 mm2,𝜌𝑓 = 0.093, 𝑓𝑓𝑢 = 275
MPa, 𝐸𝑓𝑡 = 16000 MPa, L-span=1050 mm.
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A.2.9 Slab P-PGI-38 (perlite concrete slab reinforced with pultruded GFRP gratings)
𝑓′𝑐 = 50 MPa, 𝑏 = 400 mm, 𝑑 = 46 mm, 𝐴𝑓𝑡 = 2400 mm2,𝜌𝑓 = 0.130, 𝑓𝑓𝑢 = 315
MPa, 𝐸𝑓𝑡 = 24000 MPa, L-span=1050 mm.

A.2.10 Slab P-PGT-38 (perlite concrete slab reinforced with pultruded GFRP gratings)
𝑓′𝑐 = 50 MPa, 𝑏 = 400 mm, 𝑑 = 49 mm, 𝐴𝑓𝑡 = 1856 mm2,𝜌𝑓 = 0.095, 𝑓𝑓𝑢 = 360
MPa, 𝐸𝑓𝑡 = 28000 MPa, L-span=1050 mm.
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A.2.11 Slab V-S-10 (vermiculite concrete slab reinforced with steel bars)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 60 mm, 𝐴𝑠𝑡 = 240 mm2,𝜌𝑓 = 0.01, 𝑓𝑦 = 510
MPa, 𝐸𝑠𝑡 = 203000 MPa, L-span=1050 mm.

A.2.12 Slab V-MG-25 (vermiculite concrete slab reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 52.5 mm, 𝐴𝑓𝑡 = 1125 mm2,𝜌𝑓 = 0.054, 𝑓𝑓𝑢 = 190
MPa, 𝐸𝑓𝑡 = 15000 MPa, L-span=1050 mm.
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A.2.13 Slab V-MG-38 (vermiculite concrete slab reinforced with moulded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 46 mm, 𝐴𝑓𝑡 = 1710 mm2,𝜌𝑓 = 0.093, 𝑓𝑓𝑢 = 275
MPa, 𝐸𝑓𝑡 = 16000 MPa, L-span=1050 mm.

A.2.14 Slab V-PGI-38 (vermiculite concrete slab reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 46 mm, 𝐴𝑓𝑡 = 2400 mm2,𝜌𝑓 = 0.130, 𝑓𝑓𝑢 = 315
MPa, 𝐸𝑓𝑡 = 24000 MPa, L-span=1050 mm.
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A.2.15 Slab V-PGT-38 (vermiculite concrete slab reinforced with pultruded GFRP
gratings)
𝑓′𝑐 = 55 MPa, 𝑏 = 400 mm, 𝑑 = 49 mm, 𝐴𝑓𝑡 = 1856 mm2,𝜌𝑓 = 0.095, 𝑓𝑓𝑢 = 360
MPa, 𝐸𝑓𝑡 = 28000 MPa, L-span=1050 mm.
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APPENDIX B: Beams and One-Way Concrete Slabs
Reinforced with Steel Bars
B.1 Example for estimating the yield moment (𝑴𝒚 ), yield load (𝑷𝒚 ) and
yield curvature (∅𝒚 ) of beams reinforced with steel bars (Details of
Beam V-S-12 were used in this example).

Figure B.1. Cross-section at yield moment for beams reinforced with steel bars

Step 1- Determine concrete modulus of elasticity based on the AS 3600 (2009)
𝐸𝑐 = 𝜌1.5 × 0.043 × √𝑓′𝑐 = 21201.5 × 0.043 × √32 = 23744 𝑀𝑃𝑎
Step 2- Determine the modular ratio(𝑛).
𝑛=

𝐸𝑠 200000
=
= 8.4
𝐸𝑐
23744

Step 3- Determine the neutral axis depth (𝑘𝑑) based on the equilibrium of forces and
strain compatibility in Figure B.1.

𝑘𝑑 = (√2𝑑 (

𝑟=

𝑏
𝑟𝑑𝑠𝑐
𝑏
) (1 +
) + (1 + 𝑟)2 − (1 + 𝑟)) /
𝑛𝐴𝑠𝑡
𝑑
𝑛𝐴𝑠𝑡

(𝑛 − 1)𝐴𝑠𝑐
(8.4 − 1) × 56
=
= 0.22
𝑛𝐴𝑠𝑡
8.4 × 220
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𝑘𝑑 = (√2 × 184 (

/

160
0.22 × 23
) (1 +
) + (1 + 0.22)2 − (1 + 0.22))
8.4 × 220
184

160
8.4 × 220

=53.5 mm
Step 4- Determine the yield moment (𝑀𝑦 ) from the resultant forces in Figure B.1 as
following:
𝑀𝑦 = 𝐴𝑠𝑡 𝑓𝑦 (𝑑 − 𝑘𝑑/3) + 𝐴𝑠𝑐 × 𝜀𝑠𝑐 × 𝐸𝑠𝑐 (𝑘𝑑/3 − 𝑑𝑠𝑐 )
𝜀𝑠𝑐 = 0.003 (𝑘𝑑 − 𝑑𝑠𝑐 )/𝑘𝑑 = 0.003 (53.5 − 23)/53.5 = 0.0017
𝑀𝑦 = 220 × 586 (184 − 53.5/3) + 56 × 0.0017 × 200000(53.5/3 − 23)
= 21323833 N.mm
Step 5- Determine the yield load (𝑃𝑦 )
𝑃𝑦 =

6𝑀𝑦 6 × 21323833
=
= 60925 𝑁
𝐿
2100

Step 6- Determine the yield curvature (∅𝑦 ) from strain diagram in Figure B.1 as
following:
∅𝑦 = (𝜀𝑦 /(𝑑 − 𝑘𝑑)); 𝜀𝑦 = 0.0031 obtained from Chapter 4 (Table 4.1)
∅𝑦 = 0.0031/(184 − 53.5) = 2.37 × 10−5
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B.2 Example for estimating the nominal moment capacity (𝑴𝒏 ),
nominal load carrying capacity (𝑷𝒏 ) and nominal curvature (∅𝒏 ) of
beams reinforced with steel bars (Details of Beam V-S-12 were used in
this example).

Figure B.2. Cross section at nominal moment capacity for beams reinforced with steel bars

Step 1- Determine the neutral axis depth (𝑑𝑛 ) from the equilibrium of forces and strain
compatibility in Figure B.2.
(∝ 𝑓 ′ 𝑐 γ b) 𝑑𝑛 2 + (0.003 𝐴𝑠𝑐 𝐸𝑠𝑐 − 𝐴𝑠𝑡 𝑓𝑦 )𝑑𝑛 − 0.003𝐴𝑠𝑐 𝐸𝑠𝑐 𝑑𝑠𝑐 = 0 By substituting the

details of Beam V-S-12 in this equation, the following equation can be obtained:
𝑑𝑛 2 − 26.4 𝑑𝑛 − 214 = 0 By solving this equation, the value of 𝑑𝑛 can be
obtained:
𝑑𝑛 = 32.9 𝑚𝑚
Step 2- Determine the compressive strength reduction Factors 𝛼 and 𝛾 (AS 3600,
2009).
𝛼 = 1 − 0.003𝑓′𝑐

0.67 ≤ 𝛼 ≤ 0.85

= 1 − 0.003 × 32 = 0.90 So 𝛼 should be taken as 0.85
𝛾 = 1.05 − 0.007𝑓′𝑐

0.67 ≤ 𝛾 ≤ 0.85

= 1.05 − 0.007 × 32 = 0.826
Step 3- Determine the nominal moment capacity (𝑀𝑛 ) from the resultant forces in
Figure B.2.
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𝑀𝑛 = 𝐴𝑠𝑡 𝑓𝑦 (𝑑 − 𝛾𝑑𝑛 /2) + 𝐴𝑠𝑐 × 𝜀𝑠𝑐 × 𝐸𝑠𝑐 (𝛾𝑑𝑛 /2 − 𝑑𝑠𝑐 )
𝜀𝑠𝑐 = 0.003 (𝑑𝑛 − 𝑑𝑠𝑐 )/𝑑𝑛 = 0.003(32.9 − 23)/32.9 = 0.0009

𝑀𝑛 = 220 × 586 (184 − (27/2)) + 56 × 0.0009 × 200000(27/2 − 23)
= 21885100 N.mm
Step 4- Determine the nominal load carrying capacity (𝑃𝑛 )
𝑃𝑛 = 2𝑀𝑛 /𝐿𝑎 = (2 × 21885100/700) = 62529 𝑁
Step 5- Determine the nominal curvature from strain diagram in Figure B.2
∅𝑛 = 0.003/32.9 = 9.2 × 10−5
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B.3 Steps of estimating the yield moment(𝑴𝒚 ), yield load (𝑷𝒚 ) and the
corresponding yield curvature (∅𝒚 ) of one-way slabs reinforced with
steel bars

Figure B.3. Cross section at yield moment for one-way slabs reinforced with steel bars
Step 1- Determine the depth of the neutral axis (𝑘𝑑) from the equilibrium of forces and
strain compatibility in Figure B.3 as following:
𝑘𝑑 = [√(𝜌𝑛)2 + 2𝜌𝑛 − 𝜌𝑛] × 𝑑

Step 2- Determine the yield moment (𝑀𝑦 ) from the resultant forces in Figure B.3 as
following:
𝑀𝑦 = 𝐴𝑠𝑡 𝑓𝑦 (𝑑 − 𝑘𝑑/3)
Step 3- Determine the yield load
𝑃𝑦 = 2𝑀𝑦 /𝐿𝑎

Step 4- Determine the yield curvature (∅𝑦 ) from the strain diagram in Figure B.3.
∅𝑦 = 𝜀𝑦 /(𝑑 − 𝑘𝑑)
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B.4 Steps of estimating nominal moment capacity(𝑴𝒏 ), nominal load
carrying capacity (𝑷𝒏 ) and the corresponding nominal curvature (∅𝒏 )
for one-way slabs reinforced with steel bars

Figure B.4. Cross section at nominal moment capacity for one-way slabs reinforced with steel
bars
Step 1- Determine the depth of the neutral axis (𝑑𝑛 ) from the equilibrium of forces
and strain compatibility in Figure B.4 as following:
𝑑𝑛 = 𝐴𝑠𝑡 𝑓𝑦 /∝ 𝑓 ′ 𝑐 𝛾 𝑏
Step 2- Determine the nominal moment capacity (𝑀𝑛 ) from the resultant forces in
Figure B.4 as following:
𝑀𝑛 = 𝐴𝑠𝑡 𝑓𝑦 (𝑑 − 𝛾𝑑𝑛 /2)
Step 3- Determine the nominal load carrying capacity
𝑃𝑛 = 2𝑀𝑛 /𝐿𝑎

Step 4- Determine the nominal curvature (∅𝑛 ) from the strain diagram in Figure B.4
as following:
∅𝑛 = (𝜀𝑐𝑢 /𝑑𝑛 ); 𝜀𝑐𝑢 = 0.003
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APPENDIX C: Beams and One-Way Slabs Reinforced with
GFRP Gratings
C.1 Steps of estimating nominal moment capacity(𝑴𝒏𝒇 ), nominal load
carrying capacity (𝑷𝒏𝒇 ) and the corresponding nominal curvature
(∅𝒏𝒇 ) of beams reinforced with GFRP gratings.

Figure C.1. Cross-section of beams reinforced with GFRP gratings
Step 1- Determine the strain (𝜀𝑓𝑐 ) in the compressive reinforcement from strain diagram
in Figure C.1.
𝜀𝑓𝑐 = 0.003 (𝑐 − 𝑑𝑓𝑐 )/𝑐
Step 2- Determine the strain (𝜀𝑓𝑡 ) in the tensile reinforcement from the strain diagram
in Figure C.1.
𝜀𝑓𝑡 = 0.003 (𝑑 − 𝑐)/𝑐
Step 3- Determine the neutral axis depth (𝑐) from the equilibrium of forces and strain
compatibility in Figure C.1.
𝑇 = 𝐶 + 𝐶𝑓𝑐
𝐴𝑓𝑡 𝐸𝑓𝑡 𝜀𝑓𝑡 = 0.85 𝛽1 𝑓′𝑐 𝑏 𝑐 + 𝐴𝑓𝑐 𝐸𝑓𝑐 𝜀𝑓𝑐 By substituting the equations in Step 1 and
Step 2 in the equation of Step 3, the following expression can be obtained:
𝑎𝑐 2 + 𝑔𝑐 − 𝑟 = 0 where
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𝑎 = (0.85 𝛽1 𝑓 ′ 𝑐 𝑏); 𝑔 = 0.003(𝐴𝑓𝑡 𝐸𝑓𝑡 + 𝐴𝑓𝑐 𝐸𝑓𝑐 ); 𝑟 = 0.003(𝐴𝑓𝑡 𝐸𝑓𝑡 𝑑 +
𝐴𝑓𝑐 𝐸𝑓𝑐 𝑑𝑓𝑐 )
The neutral axis depth (𝑐) can be obtained as follows:
𝑐 = (−𝑔 ± √𝑔2 − 4𝑎𝑟) /2𝑎
Step 4- Determine the compressive strength reduction factor (𝛽1 ) (ACI 440, 2015)

𝛽1 = (0.85 − (0.05

𝑓 ′ 𝑐 − 28
))
7

≥ 0.65

Step 5- Determine the force in the tensile reinforcement (𝑇) as following:
𝑇 = 𝐴𝑓𝑡 𝐸𝑓𝑡 𝜀𝑓𝑡 = (𝐴𝑓𝑡 × 𝐸𝑓𝑡 ) (0.003 (𝑑 − 𝑐)/𝑐)
Step 6- Determine the force in the compressive reinforcement (𝐶𝑓𝑐 ) as following:
𝐶𝑓𝑐 = 𝐴𝑓𝑐 𝐸𝑓𝑐 𝜀𝑓𝑐 = (𝐴𝑓𝑐 × 𝐸𝑓𝑐 ) (0.003 (𝑐 − 𝑑𝑓𝑐 )/𝑐)
Step 7- Determine the nominal moment capacity (𝑀𝑛𝑓𝑏 ) from the resultant forces in
Figure C.1
𝑀𝑛𝑓 = 𝑇 (𝑑 − 𝛽1 𝑐/2) + 𝐶𝑓𝑐 (𝛽1 𝑐/2 − 𝑑𝑓𝑐 )
Step 8- Determine the nominal load carrying capacity (𝑃𝑛𝑓 )
𝑃𝑛𝑓 = 2𝑀𝑛𝑓𝑏 /𝐿𝑎
Step 9- Determine the nominal curvature (∅𝑛𝑓 ) from the strain diagram in Figure C.1.
∅𝑛𝑓 = 𝜀𝑐𝑢 /𝑐; 𝜀𝑐𝑢 = 0.003
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C.2 Steps of estimating nominal moment capacity(𝑴𝒏𝒇 ), nominal load
carrying capacity (𝑷𝒏𝒇 ) and the corresponding nominal curvature
(∅𝒏𝒇 ) of one-way slabs reinforced with GFRP gratings.

Figure C.2. Cross section of one-way slabs reinforced with GFRP gratings

Step 1- Determine the strain (𝜀𝑓𝑡 ) in the tensile reinforcement from the strain diagram
in Figure C.2.
𝜀𝑓𝑡 = 0.003 (𝑑 − 𝑐)/𝑐
Step 2- Determine the neutral axis depth (𝑐) from the equilibrium of forces and strain
compatibility in Figure C.2.
𝑇=𝐶
𝐴𝑓𝑡 𝐸𝑓𝑡 𝜀𝑓𝑡 = 0.85 𝛽1 𝑓′𝑐 𝑏 𝑐 By substituting the equation in Step 1, the following
expression can be obtained:
𝑎𝑐 2 + 𝑔𝑐 − 𝑟 = 0 where
𝑎 = (0.85 𝛽1 𝑓 ′ 𝑐 𝑏); 𝑔 = 0.003 𝐴𝑓𝑡 𝐸𝑓𝑡 ; 𝑟 = 0.003 𝐴𝑓𝑡 𝐸𝑓𝑡 𝑑
Therefore, the neutral axis depth can be obtained as follows:
𝑐 = (−𝑔 ± √𝑔2 − 4𝑎𝑟) /2𝑎
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Step 3- Determine the compressive strength reduction factor (𝛽1 ) (ACI 440 1R, 2015)
𝑓 ′ 𝑐 − 28
𝛽1 = (0.85 − (0.05
))
7

≥ 0.65

Step 4- Determine the force in the tensile reinforcement (𝑇) as following:
𝑇 = 𝐴𝑓𝑡 𝐸𝑓𝑡 𝜀𝑓𝑡 = (𝐴𝑓𝑡 × 𝐸𝑓𝑡 ) (0.003 (𝑑 − 𝑐)/𝑐)
Step 5- Determine the nominal moment capacity (𝑀𝑛𝑓 ) from the resultant forces in
Figure C.2.
𝑀𝑛𝑓𝑠 = 𝑇 (𝑑 − 𝛽1 𝑐/2)
Step 6- Determine the nominal load carrying capacity (𝑃𝑛𝑓 )
𝑃𝑛𝑓 = 2𝑀𝑛𝑓𝑠 /𝐿𝑎
Step 7- Determine the nominal curvature (∅𝑛𝑓 ) from the strain diagram in Figure C.2.
∅𝑛𝑓 = 𝜀𝑐𝑢 /𝑐; 𝜀𝑐𝑢 = 0.003
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APPENDIX D: Moment-Area Integration
This section presented the precise details of deriving the equations used to predict the
midspan deflection. The derived equations were used for the RC beams and one-way
RC slabs regardless of the type of their reinforcement in tension. An example of
predicting the load-midspan deflection curve was also reported.

D.1 Stages of Deriving the Equations for Predicting the Midspan
Deflection
D.1.1 Un-cracked Stage (Equation 7.3)
For the un-cracked stage, Equation 7.3 was derived by estimating the moment of area
under the curvature diagram about the hinge support for Part 1 and Part 2 in Figure
D.1.1.

Figure D.1.1. Curvature diagram of RC beams and RC one-way concrete slabs during uncracked stage
 Part 1
Part 1 in Figure D.1.1 has a triangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
0.5 𝐿𝑎 ∅𝑎 × 0.67 𝐿𝑎 = 0.335 𝐿2𝑎 ∅𝑎
 Part 2
Part 2 in Figure D.1.1 has a rectangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
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(0.5 𝐿 − 𝐿𝑎 ) ∅𝑎 (0.25 𝐿 + 0.5 𝐿𝑎 ) = 0.125 𝐿2 − 0.5 𝐿2𝑎 ∅𝑎
Equation 7.3 was equal to the summation of the equations of Part 1 and Part 2 which
can be written as follows:
∆= 0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎
∅𝑎 =

𝑃𝑎 𝐿𝑎
2𝐸𝑐 𝐼𝑔

By substituting ∅𝑎 in ∆, the following Equation can be obtained:
∆ =

𝑃𝑎 𝐿𝑎 (3𝐿2 − 4𝐿2𝑎 )
48 (𝐸𝐼)

D.1.2 Cracked Stage (Equation 7.5)
For cracked stage, Equation 7.5 was derived by estimating the moment of area under
the curvature diagram about the hinge support for Part 1 to Part 4 in Figure D.1.2.

Figure D.1.2. Curvature diagram of RC beams and RC one-way slabs during cracked stage
 Part 1
Part 1 in Figure D.1.2 has a triangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
0.5 𝐿𝑢𝑐 ∅𝑐𝑟 × 0.67 𝐿𝑢𝑐 = 0.335 𝐿2𝑢𝑐 ∅𝑐𝑟
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 Part 2
Part 2 in Figure D.1.2 has a rectangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(𝐿𝑎 ∅𝑐𝑟 − 𝐿𝑢𝑐 ∅𝑐𝑟 )(0.5𝐿𝑎 + 0.5𝐿𝑢𝑐 ) = 0.5𝐿2𝑎 ∅𝑐𝑟 − 0.5 𝐿2𝑢𝑐 ∅𝑐𝑟

 Part 3
Part 3 in Figure D.1.2 has a triangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(0.5 𝐿𝑎 − 0.5𝐿𝑢𝑐 )( ∅𝑎 − ∅𝑐𝑟 )(0.67𝐿𝑎 + 0.33𝐿𝑢𝑐 )
= 0.335 𝐿2𝑎 ∅𝑎 − 0.165 𝐿𝑎 𝐿𝑢𝑐 ∅𝑎 −
2
0.165 𝐿𝑢𝑐 ∅𝑎 − 0.335 𝐿2𝑎 ∅𝑐𝑟 + 0.165 𝐿𝑎 𝐿𝑢𝑐 ∅𝑐𝑟 + 0.165 𝐿2𝑢𝑐 ∅𝑐𝑟
 Part 4
Part 4 in Figure D.1.2 has a rectangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(0.5 ∅𝑎 𝐿 − ∅𝑎 𝐿𝑎 )(0.25 𝐿 + 0.5𝐿𝑎 ) = 0.125 𝐿2 ∅𝑎 − 0.5 𝐿2𝑎 ∅𝑎
Equation 7.5 was equal to the summation of equations from Part 1 to Part 4 which can
be written as follows:
∆ = (0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎 ) + 0.165(𝐿2𝑎 ∅𝑐𝑟 − 𝐿2𝑢𝑐 ∅𝑎 − 𝐿𝑎 𝐿𝑢𝑐 ∅𝑎 +
𝐿𝑎 𝐿𝑢𝑐 ∅𝑐𝑟 )
D.1.3 Post-yielding Stage (Equation 7.7)
For post-yielding stage, Equation 7.7 was derived by estimating the moment of area
under the curvature diagram about the hinge support for Part 1 to Part 6 in Figure D.1.3.
 Part 1
Part 1 in Figure D.1.3 has a triangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:

0.5 𝐿𝑢𝑐 ∅𝑐𝑟 × 0.67 𝐿𝑢𝑐 = 0.335 𝐿2𝑢𝑐 ∅𝑐𝑟
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 Part 2
Part 2 in Figure D.1.3 has a rectangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(𝐿𝑦 ∅𝑐𝑟 − 𝐿𝑢𝑐 ∅𝑐𝑟 )(0.5𝐿𝑦 + 0.5𝐿𝑢𝑐 ) = 0.5 𝐿2𝑦 ∅𝑐𝑟 − 0.5 𝐿2𝑢𝑐 ∅𝑐𝑟

Figure D.1.3. Curvature diagram of RC beams and RC one-way concrete slabs during
post-yielded stage

 Part 3
Part 3 in Figure D.1.3 has a triangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(0.5 𝐿𝑦 − 0.5𝐿𝑢𝑐 )( ∅𝑦 − ∅𝑐𝑟 )(0.67𝐿𝑦 + 0.33𝐿𝑢𝑐 )
= 0.335 𝐿2𝑦 ∅𝑦 − 0.165 𝐿𝑦 𝐿𝑢𝑐 ∅𝑦 −
0.165 𝐿2𝑢𝑐 ∅𝑦 − 0.335 𝐿2𝑦 ∅𝑐𝑟 + 0.165 𝐿𝑦 𝐿𝑢𝑐 ∅𝑐𝑟 + 0.165 𝐿2𝑢𝑐 ∅𝑐𝑟
 Part 4
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Part 4 in Figure D.1.3 has a rectangular shape. Therefore, the moment of area under
curvature diagram about the hinge support for this part can be calculated as follows:
(𝐿𝑎 ∅𝑦 − 𝐿𝑦 ∅𝑦 )(0.5 𝐿𝑎 + 0.5𝐿𝑦 ) = 0.5 𝐿2𝑎 ∅𝑦 − 0.5 𝐿2𝑦 ∅𝑦

 Part 5
Part 5 in Figure D.1.3 has a triangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(0.5 𝐿𝑎 − 0.5𝐿𝑦 )( ∅𝑎 − ∅𝑦 )(0.67𝐿𝑎 + 0.33𝐿𝑦 )
= 0.335 𝐿2𝑎 ∅𝑎 − 0.165 𝐿𝑎 𝐿𝑦 ∅𝑎 −
2
0.165 𝐿𝑦 ∅𝑎 − 0.335 𝐿2𝑎 ∅𝑦 + 0.165 𝐿𝑎 𝐿𝑦 ∅𝑦 + 0.165 𝐿2𝑦 ∅𝑦
 Part 6
Part 6 in Figure D.1.3 has a rectangular shape. Therefore, the moment of area under the
curvature diagram about the hinge support for this part can be calculated as follows:
(0.5 ∅𝑎 𝐿 − ∅𝑎 𝐿𝑎 )(0.25 𝐿 + 0.5𝐿𝑎 ) = 0.125 𝐿2 ∅𝑎 − 0.5 𝐿2𝑎 ∅𝑎
Equation 7.7 was equal to the summation of equations from Part 1 to Part 6 which can
be written as follows:
∆ = (0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎 ) + 0.165 𝐿𝑦 (𝐿𝑦 ∅𝑐𝑟 + 𝐿𝑢𝑐 ∅𝑐𝑟 − 𝐿𝑎 ∅𝑎 − 𝐿𝑦 ∅𝑎 ) +
0.165 ∅𝑦 (𝐿2𝑎 + 𝐿𝑎 𝐿𝑦 − 𝐿𝑦 𝐿𝑢𝑐 − 𝐿2𝑢𝑐 )
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D.2 Example for predicting the midspan deflection using the momentarea integration
The details of Beam V-S-12 was used in this example to explain the steps of predicting
midspan deflection using the moment-area integration model.
D.2.1 Uncracked stage
Step 1- Determine the gross second moment of area

𝐼𝑔 =

𝑏 ℎ3
160 × 2103
=
= 123480000 𝑚𝑚4
12
12

Step 2- Determine the cracked moment

𝑀𝑐𝑟 =

𝑓𝑟 𝐼𝑔
2.5 × 123480000
=
= 2940000 𝑁. 𝑚𝑚
210
𝑦𝑡
2

Step 3- Determine the first crack load
𝑃𝑐𝑟 =

6 𝑀𝑐𝑟
6 × 2940000
=
= 8400 𝑁
𝐿𝑠𝑝𝑎𝑛
2100

Step 4- Determine concrete modulus of elasticity based on AS 3600 (2009)
𝐸𝑐 = 𝜌1.5 × 0.043 × √𝑓′𝑐 = 21201.5 × 0.043 × √32 = 23744 𝑀𝑃𝑎
Step 5- Determine cracked curvature (∅𝑐𝑟 )
∅𝑐𝑟 =

𝑃𝑐𝑟 𝐿𝑎
8400 × 700
=
= 1.003 × 10−6
2𝐸𝑐 𝐼𝑔
2 × 23744 × 123480000

Step 6- Determine cracked deflection (∆𝑐𝑟 )
∆𝑐𝑟 = 0.125 𝐿2 ∅𝑐𝑟 − 0.165 𝐿2𝑎 ∅𝑐𝑟
= (0.125 × 21002 × 1.003 × 10−6 ) − (0.165 × 7002 × 1.003 × 10−6 )
= 0.47 𝑚𝑚
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Step 7- The midspan deflection increments from the initial load up to the first crack
load was estimated using equations in Step 5 and Step 6 by replacing the crack curvature
(∅𝑐𝑟 ) with applied curvature (∅𝑎 ). Increment size of 1000 N was selected for the
uncracked stage. Table D.2.1 reports the applied load, applied curvature and
corresponding midspan deflection.
Table D.2.1 Load midspan deflection from the point of origin up to the first crack
load
Increment of applied load

Applied curvature

Corresponding midspan

(N)

(∅𝑎 ) using equation in

deflection using equation in

Step 5

Step 6 (mm)

0

0

0

1000

1.19 × 10−7

0.06

2000

2.39 × 10−7

0.11

3000

3.58 × 10−7

0.17

4000

4.77 × 10−7

0.22

5000

5.97 × 10−7

0.28

6000

7.16 × 10−7

0.34

7000

8.36 × 10−7

0.39

8000

9.55 × 10−7

0.45

8400(𝑃𝑐𝑟 )

1.003 × 10−6

0.47

D.2.2 Cracked stage
Step 8- At this Stage, the midspan deflection was calculated from the first crack load
(8400 N) up to the analytical yield load (60925 N). The first crack load was estimated
from Step 3 at appendix D.2, while the analytical yield load was estimated from Step 5
in Appendix B.1. The increments of applied load at this stage were 5000 N, starting
from 8400 N up to the load of 60925 N. A particular applied load of 20000 N was
selected as an example to estimate the midspan deflection (this applied load was just to
explain the procedure of estimating midspan deflection). The yield curvature (∅𝑦 =
2.37 × 10−5 ) was estimated from Step 6 in Appendix B.1.
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Step 9- Determine the curvature at the applied moment of 𝑀𝑎 = (20000 × 700)/2 =
700000𝑁

∅𝑎 = [

((𝑀𝑎 − 𝑀𝑐𝑟 )∅𝑦 + (𝑀𝑦 − 𝑀𝑎 )∅𝑐𝑟 )
𝑀𝑦 − 𝑀𝑐𝑟

]

((7000000 − 2940000) 2.37 × 10−5 + (21323833 − 7000000)1.003 × 10−6 )
=[
]
21323833 − 2940000
= 6.02 × 10−6
Step 10- Determine the length of un-cracked region measured from the hinge support at
the applied load of 20000N.
𝐿𝑢𝑐 = 2

𝑀𝑐𝑟
2940000
= (2 ×
) = 294 𝑚𝑚
𝑃
20000

Step 11- Determine the midspan deflection at the applied moment (𝑀𝑎 ) of 700000N
∆ = (0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎 ) + 0.165(𝐿2𝑎 ∅𝑐𝑟 − 𝐿2𝑢𝑐 ∅𝑎 − 𝐿𝑎 𝐿𝑢𝑐 ∅𝑎 +
𝐿𝑎 𝐿𝑢𝑐 ∅𝑐𝑟 )
∆ = (0.125 × 21002 × 6.02 × 10−6 − 0.165 × 7002 × 6.02 × 10−6 )
+ 0.165 (7002
× 1.003 × 10−6 − 2942 × 6.02 × 10−6 − 700 × 294 × 6.02 × 10−6
+ 700
× 294 × 1.003 × 10−6 )
∆ = 2.65 𝑚𝑚
Step 12- The midspan deflection increments from the first crack load up to the analytical
yield load was estimated using the equations in Steps 9, 10 and 11. Increment size of
5000 N was selected for this stage. Table D.2.2 reports the applied load, applied
curvature and corresponding midspan deflection.
D.2.3 Post yielding stage
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Step 13- At this Stage, the midspan deflection was calculated from the analytical yield
load (60925 N) up to the nominal load carrying capacity (62529 N). The analytical yield
load was estimated from Step 5 of Appendix B.1, and the analytical nominal load
carrying capacity was estimated from Step 4 of Appendix B.2. A particular applied load
of 62000 N was selected as an example for estimating the midspan deflection (this
applied load was used just to explain the steps of estimating the midspan deflection).
The nominal curvature (∅𝑛 = 9.2 × 10−5 ) was estimated from Step 5 of Appendix B.2.

Table D.2.2 Load midspan deflection from the first crack load up to the yield load
Increment of applied

Applied curvature

Corresponding midspan deflection

load (N)

using equation in

using equation in Step 11 (mm)

Step 9 (∅𝑎 )
0

0

0

8400(𝑃𝑐𝑟 )

1.003 × 10−6

0.47

10000

1.70 × 10−6

0.73

15000

3.83 × 10−6

1.65

20000

6.02 × 10−6

2.65

25000

8.11 × 10−6

3.62

30000

1.03 × 10−5

4.62

35000

1.24 × 10−5

5.62

40000

1.45 × 10−5

6.63

45000

1.67 × 10−5

7.63

50000

1.88 × 10−5

8.64

55000

2.10 × 10−5

9.64

60000

2.31 × 10−5

10.65

60925 (𝑃𝑦 )

2.35× 10−5

10.90

Step 14- Determine the curvature at the applied moment of 𝑀𝑎 = (62000 × 700)/2 =
21700000 N.

∅𝑎 = [

((𝑀𝑎 − 𝑀𝑦 )∅𝑛 + (𝑀𝑛 − 𝑀𝑎 )∅𝑦 )
𝑀𝑛 − 𝑀𝑦

]
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∅𝑎
((21700000 − 21323833)9.2 × 10−5 + (21885100 − 21700000)2.37 × 10−5 )
=[
]
21885100 − 21323833

∅𝑎 = 6.95 × 10−5
Step 15- Determine the length of the uncracked region at the applied load of 62000N.
𝐿𝑢𝑐 = 2

𝑀𝑐𝑟
3093394
= (2 ×
) = 95 𝑚𝑚
𝑃
62000

Step 16- Determine the length of un-yielded region measured from support
corresponding to an applied load of 62000N.
𝐿𝑦 = 2

𝑀𝑦
21323833
= (2 ×
) = 687 𝑚𝑚
𝑃
62000

Step 17- Determine the midspan deflection corresponding to an applied load
of 62000N.
∆ = (0.125 𝐿2 ∅𝑎 − 0.165 𝐿2𝑎 ∅𝑎 ) + 0.165 𝐿𝑦 (𝐿𝑦 ∅𝑐𝑟 + 𝐿𝑢𝑐 ∅𝑐𝑟 − 𝐿𝑎 ∅𝑎 −
𝐿𝑦 ∅𝑎 ) + 0.165 ∅𝑦 (𝐿2𝑎 + 𝐿𝑎 𝐿𝑦 − 𝐿𝑦 𝐿𝑢𝑐 − 𝐿2𝑢𝑐 )
∆ = (0.125 × 21002 × 6.95 × 10−5 − 0.165 × 7002 × 6.95 × 10−5 ) +
0.165 × 687 (687 × 1.06 × 10−6 + 99.8 × 1.06 × 10−6 − 700 × 6.95 ×
10−5 − 687 × 6.95 × 10−5 ) + 0.165 × 2.37 × 10−5 (7002 + 700 × 687 −
687 × 99.8 − 99.82 )
∆ = 25.3 𝑚𝑚
Step 18- The midspan deflection was estimated from the analytical yield load up to the
nominal load carrying capacity using equations in Steps from 14 to 17. Increment size
of 200 N was selected for this stage. Table D.2.3 reports the applied load, corresponding
curvature and corresponding midspan deflection.
Step 19- At this step, the experimental and predicted load-midspan deflection curve of
Beam V-S-12 is shown in Figure D.2.1.
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Table D.2.3 Load midspan deflection from the yield load up to the nominal load
carrying capacity
Increment of

Corresponding

Corresponding midspan deflection

applied load (N)

applied curvature

using equation in Step 11 (mm)

(∅𝑎 )
60925 (𝑃𝑦 )

2.37 × 10−5

10.90

61200

3.56× 10−5

14.58

61400

4.41× 10−5

17.22

61600

5.26× 10−5

19.88

61800

6.11× 10−5

22.54

62000

6.95× 10−5

25.22

62200

7.80× 10−5

27.91

62400

8.65× 10−5

30.62

62529 (𝑃𝑛 )

9.2× 10−5

32.40
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APPENDIX E: ACI Models
This section provided an example to explain the steps of predicting the midspan
deflection using the effective second moment of area proposed by the ACI 440 1R
(2015). Beam R-MG-38 was used in this example to explain the steps of predicting the
midspan deflection at various load levels.

E.1. Predicting the Midspan Deflection for Beam R-MG-38
Step 1- Determine the gross second moment of area

𝐼𝑔 =

𝑏 ℎ3
160 × 2103
=
= 123480000 𝑚𝑚4
12
12

Step 2- Determine the cracked moment
𝑀𝑐𝑟 =

𝑓𝑟 𝐼𝑔
3.2 × 123480000
=
= 3763200 𝑁. 𝑚𝑚
210
𝑦𝑡
2

Step 3- Determine the first crack load

𝑃𝑐𝑟 =

6 𝑀𝑐𝑟
6 × 3763200
=
= 10752𝑁
𝐿𝑠𝑝𝑎𝑛
2100

Step 4- Determine the cracked deflection
𝑃𝑐𝑟 × 𝑎 (3𝐿2 − 4𝑎2 )
10752 × 700 (3 × 21002 − 4 × 7002 )
∆𝑐𝑟 =
=
= 0.42
48 × 𝐸𝑐 × 𝐼𝑔
48 × 33808 × 123480000
𝐸𝑐 = 𝜌1.5 × 0.043 × √𝑓′𝑐 = 24131.5 × 0.043 √44 = 33808 𝑘𝑔/𝑚3 (AS 3600
2009)
Step 5- The midspan deflection was predicted from the zero load up the first crack load
using the equation in step 4. An increment load size of 1000 N up to the 𝑃𝑐𝑟 was used to
predict the midspan deflection. Table E.1.1 reports the load increment and the
corresponding midspan deflection.
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Table E.1.1 Load midspan deflection from the zero load up to the first crack load
Increment of applied load (N)

Corresponding midspan deflection using
equation in step 4 (mm)

0

0

1000

0.039

2000

0.079

3000

0.12

4000

0.16

5000

0.20

6000

0.24

7000

0.28

8000

0.31

9000

0.35

10000

0.39

10752(𝑃𝑐𝑟 )

0.43

Step 5- When the applied load exceeded the first crack load, the midspan deflection was
predicted using the effective second moment of area that adopted by ACI 440 1R (2015).
An increment load of every 5000 N was selected, starting from 15000 N up to the
nominal load carrying capacity (65100 N). The applied load of 20000 N was selected as
an example to predict the midspan deflection (choosing the applied load of 20000 N has
no special meaning).
Step 6- Determine the modular ratio (𝑛𝑓 )
𝑛𝑓 =

𝐸𝑓
16000
=
= 0.47
𝐸𝑐
33808

Step 7- Determine the ratio of the neutral axis depth to the effective depth.
2

𝑘 = √2𝑒𝑓 𝑛𝑓 + (𝑒𝑓 𝑛𝑓 ) − 𝑒𝑓 𝑛𝑓
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𝑘 = √2 × 0.025 × 0.47 + (0.025 × 0.47)2 − 0.025 × 0.47
𝑘 = 0.142
Step 8- Determine the cracked second moment of area.

𝐼𝑐𝑟 =

𝑏 𝑑3 𝑘 3
+ 𝑛𝑓 𝐴𝑓 𝑑2 (1 − 𝑘)2
3

𝐼𝑐𝑟 =

160 × 1713 × 0.1423
+ 0.47 × 684 × 1712 (1 − 0.142)2
3

𝐼𝑐𝑟 = 7683809 𝑚𝑚4
Step 9- Determine the stiffness variation factor along Beam R-MG-38.
𝛾 = 1.7 − 0.7

𝑀𝑐𝑟
𝑀𝑎

𝛾 = 1.7 − 0.7 ×

3763200
(20000 × 2100)/6

𝛾 = 1.32
Step 10- Determine the effective second moment of area for the load of 20 000 N.
𝐼𝑒𝑓𝑓 =

𝐼𝑒𝑓𝑓 =

𝐼𝑐𝑟
𝑀 2
𝐼
1 − 𝛾 ( 𝑀𝑐𝑟 ) [1 − 𝐼𝑐𝑟 ]
𝑎
𝑔
7683809
2
3763200
7683809
1 − 1.32 (
) [1 − 123480000]
(20000 × 2100)/6

𝐼𝑒𝑓𝑓 = 11982660.8 𝑚𝑚4
Step 11- Determine the midspan deflection at the load of 20000 N.

∆=

𝑃 × 𝑎 (3𝐿2 − 4𝑎2 )
20000 × 700 (3 × 21002 − 4 × 7002 )
=
48 × 𝐸𝑐 × 𝐼𝑒𝑓𝑓
48 × 33808 × 11982660.8
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∆ = 8.1 𝑚𝑚
Step 12- At this step, the midspan deflection of Beam R-MG-38 was calculated from
the load of 15000 N up to the load of 65100 N using a load increment of 5000 kN. Table
E.1.2 reports the load increments, corresponding effective second moment of area and
the corresponding midspan deflection.
Table E.1.2 The load increment and the corresponding midspan deflection after
cracking
Corresponding
Corresponding
Load increment (𝑁)
second moment of
midspan deflection
4
area 𝐼𝑒𝑓𝑓 (𝑚𝑚 )
∆ (𝑚𝑚)
15000
48138366
3.98
20000
16869665
8.10
25000
12391683
11.91
30000
10649422
15.57
35000
9762549
19.12
40000
9238899
22.57
45000
8900057
25.97
50000
8666603
29.33
55000
8498195
32.64
60000
8372348
35.94
65100
8275635
39.0
Step 13- The experimental and analytical load midspan deflection curve of Beam RMG-38 are shown in Figure E.1.1.

Figure E.1.1 Experimental and analytical load midspan deflection of Beam R-MG-38
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